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Lay Summary  
In this ever-advancing world, the need for energy is expected to keep growing. 
Unfortunately, many current energy sources are not sustainable, especially with their 
associated CO2 emission which one of the main causes of global warming. This 
emphasises the importance of supporting renewable energy sources to help with the 
energy generation needed. Among many recognised greener energy sources, wave 
remains one of the biggest in terms of resource availability, but still one of the least 
developed or utilised because of the engineering challenges of such harsh environment. 
There are many types of wave energy converter (WEC). The oscillating water column 
(OWC) has advantages due to its simplicity and low maintenance cost. The OWC-
WEC uses a water column partially trapped inside a chamber with a power take-off 
system attached. As the waves rise and fall outside the OWC, the water column inside 
the chamber oscillates up and down and drives the air out of and in to the chamber 
through the power take-off system.  
The development of OWC – WEC started around 1965 with the development of 
oscillating water columns to power wave buoys for navigation. Developments since 
have led to OWC pilot projects including: LIMPET- a wave power plant in Scotland, 
the Pico power plant in Azores, and the Mutriku wave energy plant in Spain. LIMPET 
proved that wave energy is a reliable source by operating for about 95% of its life time, 
however, LIMPET produced less than half of its expected performance, and both 
Mutriku and Pico plants structural problems during construction and operation. These 
experiences emphasise the uncertainty in the design process of this type of structure. 
This thesis tries to tackle two major problems in the OWC when integrated in a vertical 
breakwater. The first one is related to the forces experienced inside the chamber.  The 
model developed in this thesis enables the prediction of the chamber pressure 
generated and the wave force acting on the rear wall of the chamber. In order to 
validate the proposed model, data from a large-scale physical model experiment is 
explored. For the wave forces on the front of the OWC, new experiments prove that 
existing methods for conventional vertical breakwaters can be used for this type of 




Prior to the prototype deployment on the actual site, OWC devices are developed, 
partly based upon lab experiments to check the performance of the device. The second 
uncertainty explored in the thesis is related to the scaling effect for a small-scale 
physical model testing in a laboratory. The scaling method used to scale down the 
structure dimension will work well in scaling wave effects but won’t scale down the 
air characteristics inside the chamber correctly. The experiment is done by comparing 
the large-scale physical model measurement with the small-scale physical model 
results. This thesis showed that the small-scale tests will give information on pressure 
and forces which is comparable to, but on the safe side of those pressure and forces 
measured at large-scale.  
The thesis results can reduce the uncertainty in an OWC-WEC installed vertical 






Even though wave energy has been established as one of the biggest sustainable energy 
sources over the last 70 years, the development of the wave energy harvesting device 
is proven to be challenging. Many types of wave converter device have been developed 
in the past to bring in some of this ocean energy while surviving the harsh conditions 
of the site. Among many types of wave energy converter invented, the Oscillating 
Water Column (OWC) has advantages due to its simplicity and low maintenance cost. 
Several OWC types have been designed and deployed from 1965 to date with many 
lessons learned. Most of deployed OWC designs, however, have focused on small, 
stand-alone structures. This thesis is focused on an OWC type wave energy converter 
(WEC) integrated in a vertical breakwater. This way, the OWC device can be placed 
in a very energetic location where a breakwater is most likely located. The integration 
of an OWC into the design of a new breakwater, furthermore, provides the opportunity 
for cost sharing between energy generation and coastal defence function.  
This thesis aims to fill two knowledge gaps in methods for the design of breakwater 
integrated OWCs. The first one is the wave load uncertainty of the device. There is an 
extensive literature for conventional vertical breakwaters. There are, however, few 
studies for the OWC installed one. This thesis proposes a new wave load model for 
the inner chamber of an OWC. The model can be used to estimate the wave loads 
acting on the rear wall and the ceiling inside the caisson chamber. The model considers 
three conditions of the OWC chamber: the closed chamber condition, the fully open 
condition, and the operating condition. Both regular and irregular waves are 
considered. The model is validated by means of large-scale experimental data from the 
2014 “GKW OWCs” project in the Large Wave Flume (GWK) facility in Hannover, 
Germany. The validation was done for the three chamber conditions. The model was 
successful in predicting the in-chamber pressure generated, rear wall landward force, 
and vertical force. It predicted to within a factor of 1.2 for the lower wave steepnesses 
and over-predicted the forces for the higher wave steepnesses with a more conservative 
agreement factor between 0.4 to 0.7. Furthermore, the number of front wall impact 
events comparison between the physical model observation and the existing 
conventional vertical breakwater probabilistic design tools show that the existing tools 
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can be used for the OWC installed vertical breakwater impact probability in the 
irregular wave condition.  
In addition to the wave load prediction, this thesis also investigates the water column 
behaviour inside the chamber over various wave conditions for both regular and 
irregular waves. In particular, “sloshing” is explored where the water column 
behaviour is not according to the idealised piston movement. The conditions under 
which ‘sloshing’ is likely to occur have been characterised by means of in-chamber 
video. Impact pressure measurements of up to 12 ρgHmo have been measured by means 
of pressure transducers within the chamber. Three different types of in-chamber wave 
impacts have been identified, characterised, and quantified: single impact, 
successional impact, and whole water column impact.  
The second major contribution the thesis addresses is the scaling effect related to 
physical model testing of this kind of wave energy converter in a laboratory 
environment. Unlike common breakwater, an OWC includes an air chamber inside the 
structure. Froude scaling used for the scaled-down experiment in coastal structure only 
maintains the gravitational force and the inertia ratio between the prototype and the 
physical model. Consequently, Froude scaling is not sufficient to scale the influence 
of air stiffness in the OWC chamber correctly. A series of small-scale physical model 
of 1:79 to the prototype design of an OWC installed vertical breakwater experiment 
was done in the long wave flume in the University of Edinburgh. These experiments 
were designed to be as faithful a scaled down version of the large-scale GWK tests as 
possible, for both the dimensions of the structure and the wave conditions tested. This 
is done in order to facilitate the most direct comparison between the small-scale and 
large-scale experimental results. It can be concluded based on the chamber pressure 
comparison that on the optimum operating condition, the smaller scale physical model 
will over-estimate the pressure recorded in the large-scale by a factor of about 2.45. 
Similar results are obtained for both closed chamber and fully-open chamber 
conditions.   
This thesis is expected to reduce the uncertainty in the design of breakwater integrated 
OWC by enabling the in-chamber loading estimation and more representative small-
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scale physical model test in a laboratory. By reducing these uncertainties, the wave 
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1.1 Background research and rationale 
Even though wave energy has been established as one of the biggest potential 
sustainable energy sources over the last 70 years, the development of wave energy 
harvesting devices has proven to be challenging. Many types of wave energy 
converters (WECs) have been developed to harvest some of this ocean energy while 
surviving the harsh conditions of the site. There are many types of wave energy 
converter developed to date, among them the most researched are wave attenuator, 
point absorber, wave overtopping, and Oscillating Water Column (OWC). Wave 
attenuator is a floating WEC which generate energy from relative motion between two 
arms of the device, while point absorber utilised floating buoy which connected to a 
energy extraction mechanism. One of the advantages of wave attenuator is that the 
device can be directed toward the incoming wave for maximum efficiency, while point 
absorber can absorb wave energy from all direction. These types of WECs, however, 
are relatively difficult to be combined with other coastal structures such as breakwater, 
need to be positioned further from the coastline, and require additional effort for 
maintenance, such as towing to near-shore position.  
Wave overtopping device collects overtopping water due to wave action inside a water 
reservoir and then channelled it back into the ocean through a power take-off 
mechanism. An OWC device, on the other hand, utilises the wave oscillation motion 
to force a volume of air to move into and out of the OWC chamber via a power take-
off system (will be described further in Sub-chapter 2.2). Both wave overtopping 
devices and Oscillating Water Column (OWC) devices have advantages due to their 
simplicity, their shoreline or near-shore location, low maintenance cost, and their 
ability to be combined with breakwater. Recent finding, however, showed that the 
wave overtopping device may increase the overtopping rate to the area behind 
breakwater compared to a traditional breakwater (Vicinanza et al., 2014). Due to these 
reasons, this thesis focuses on an Oscillating Water Column type WEC.  
Several OWC types have been designed and deployed from 1965 to date with many 
lessons learned. Most of deployed OWC designs, however, have focused on small, 
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stand-alone structures. This thesis is focused on an OWC type wave energy converter 
(WEC) integrated in a vertical breakwater. This way, the OWC device can be placed 
in a very energetic location where a breakwater is most likely located. The integration 
of an OWC into the design of a new breakwater, furthermore, provides the opportunity 
for cost sharing between energy generation and coastal defence function. 
OWC-WEC pilot projects including: LIMPET-a wave power plant in Scotland, Pico 
power plant in Azores, and Mutriku wave power plant in Spain. The Land Installed 
Marine Power Energy Transmitter or LIMPET for short was the Scotland’s first full 
scale operating OWC-WEC. The device was operating in the Isle of Islay and 
developed by the Queen’s University of Belfast. The device was designed to produce 
500 kW of electricity and managed to operate 98% of its lifetime (The Queen’s 
University of Belfast, 2002). It only produced, however, up to around 40% of its 
original designed capacity during peak production.  
Pico power plant in the Azores on the Island of Pico, is a standalone single chamber 
OWC structure pilot project which construction started in 1992 and concluded in 1999. 
Unfortunately, most recent press release by the WavEc, the current owner of plant, 
revealed the partial collapse of the plant after 19 years of operation (WavEc – Offshore 
Renewables, 2018). The plant faced structural deficiencies during its operation time, 
especially in the sub-merged part of the plant, and WavEc finally suspended its 
operation in January 2017, despite of the combined effort between WavEc and the 
Azores Regional Government to recover the structure of the plant. Even though 
designed to survive longer than 19 years, the wave loads, and wave impacts may 
contribute greatly in the deterioration of the structure. 
To date, the most ambitious OWC-WEC project is the Mutriku wave energy power 
plant which is the world’s first grid connected OWC integrated breakwater in the port 
of Mutriku, Basque Country, Spain. Although fully operated since 2012, the plant 
suffered major storm damage during construction in 2009, resulting in a 2 to 3-year 
delay in the project. Four of the totals 16 OWC chambers which installed inside the 
breakwater were damaged. Figure 1 shows two of the four caissons which damaged 
by the storm. The OWC chamber opening is locate below the water surface and cannot 
be seen in the picture as shown by the diagram. As can be seen, the chamber on the 
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right hand side had a layer of the front wall disintegrated while the chamber on the left 
had the entire front wall “flown away”, exposing the in-chamber wall of the OWC 
caisson as explained by the red circle.  
 
Figure 1 Damaged chamber in Mutriku Wave energy power plant during construction. The 
OWC chamber opening is locate below the water surface as demonstrated by the diagram 
(dotted line indicates the still water level). The chamber on the right hand side had a layer of the 
front wall disintegrated while the chamber on the left had the entire front wall “flown away”, 
exposing the in-chamber wall of the OWC caisson. 
A more detailed exploration of LIMPET, Mutriku wave energy power plant, and Pico 
power plant can be found in Chapter 2.  
The recent partial failures in Mutriku and Pico Wave energy power plant emphasise 
the threat of wave loading uncertainties for an oscillating water column design. This 
thesis aims to address some of these uncertainties, specifically the one related to the 
in-chamber wave loads and scaling effect in an OWC installed vertical breakwater 
design. Firstly, this thesis aims to propose a new method to model the wave loadings 
experienced by the ceiling and the rear wall inside the chamber caisson. This model 
includes the maximum pressure experience estimation and the pressure distribution 
pattern on the chamber ceiling and rear wall. Rather than starting over, this thesis will 
use the established and trusted methods as its starting point. The model draws 
inspiration from the widely used Goda prediction method for conventional breakwater. 
Unlike an OWC, there have been an extensive study for a conventional vertical 
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breakwater. Furthermore, the probability of wave impacts experienced by the front 
wall of the OWC integrated breakwater is compared with the conventional vertical 
breakwater estimation method. The water column impact inside the OWC chamber is 
identified, characterised, and quantified by means of large-scale physical model 
experiments.  
Secondly, the thesis explores the scaling uncertainties in an OWC integrated 
breakwater physical model experiment. Prior to a prototype deployment, experimental 
testing plays an extremely important role in a design process of a coastal structure 
design. Since testing directly with a prototype or large dimensions is very costly, a 
designer starts with a scaled down version of the physical model. The scaled-down 
models, however, could be subject to “scale effects”, which for simple coastal structure 
are well understood. This leads to the second gap to be tackled which would be the 
scaling effect uncertainties in a physical model testing of an Oscillating Water Column 
installed breakwater.  
For conventional coastal defence modelling, Froude scaling method (Fr) is used to 
keep the gravity:inertia force ratio between the prototype and the scaled physical 
model. This scaling method, however, does not scale the air stiffness correctly between 
the prototype and the scaled physical model of an OWC chamber. In order to scale 
down the air volume correctly, another type of scaling method, such as Reynold 
scaling method (Re) or Cauchy scaling method (Ca), needs to be employed. 
Unfortunately, those scaling methods contradict Froude scaling method unless the 
model is 1:1 scale to the prototype. This thesis explores the effect of scaling in a 
physical model testing if only the Froude scaling method is considered, while the 
scaling in air stiffness is neglected.     
1.2 Aims and objectives 
This work’s overall focus is on the development of a new model for estimating the in-
chamber wave loadings of an OWC installed breakwater and on the scaling 
uncertainties of the air stiffness between the small-scale chamber and the large-scale 
chamber. Specific objectives are: 
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1. To develop a prediction method for the in-chamber wave loading for an OWC 
installed breakwater 
2. To validate the prediction method based on the large-scale OWC physical model 
testing measurements 
3. To compare the occurrence and magnitude of impacts on the front wall of the OWC 
breakwater with the conventional vertical breakwater wave impact design tools and 
adjusting the guidance as necessary  
4. To identify, characterise, and quantify the water column behaviour of an OWC 
installed vertical breakwater during operation 
5. To perform a small-scale physical model with wave condition based on the large-
scale settings and compare the large-scale and small-scale measurement results   
6. Conclude the findings in a form suitable for uptake by designers of OWC integrated 
breakwater 
1.3 Thesis structure  
Chapter 2 will begin with a concise history of the OWC-WEC. The literatures related 
to wave loading on OWC, conventional vertical breakwater, and OWC installed 
breakwater will be explored. The methodology used to obtain the objectives will be 
explained in Chapter 3. A conceptual model for OWC wave loadings will be proposed 
and a large-scale experiment to validate the model will be presented in detail in 
Chapter 4. Chapter 5 focused on the occurrence and magnitude of impacts loadings on 
the front wall of the OWC installed breakwater and then compare it to the conventional 
vertical breakwater design tools. Furthermore, the water column behaviour during 
operation and in-chamber wave impact will be identified, characterised, and quantified 
in this chapter.  Chapter 6 contains the small-scale physical model test results analysis 
and the comparison of the experimental results between the large-scale testing and the 
small-scale testing for various kinds of chamber conditions to check the scaling effect 
between the two scales. Finally, the conclusions are presented in Chapter 7. 
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2 Literature review 
2.1 Wave energy resource 
The Intergovernmental Panel on Climate Change (IPCC) fifth assessment report 
(AR5) (IPCC, 2014) indicate a clear involvement of Human activities in the increase 
of average global temperature. It also stated that the global warming leads to an 
increase the sea level and diminishes the snow and ice. According to the AR5 IPCC 
report in 2014, the increase in global temperature is extremely likely to have been 
caused by anthropogenic greenhouse gasses which increases the concentration of CO2 
in the atmosphere. The latest IPCC (IPCC, 2018) report further indicates the sensitivity 
to change in excess of 1.5oC above pre-industrial level. This is the clearest yet call for 
immediate action to reduce the amount of CO2 emission. To reduce the amount of 
greenhouse gasses in the UK, Department of Energy and Climate Change releases the 
Carbon Reduction Commitment (CRC) which pursue the target of cutting the CO2 
emissions by 60% from 1990 levels by 2050. This plan pushed the development of 
greener energy generation such as the wave energy generators to replace conventional 
energy generation such as coal and natural gas. It is estimated that for every 1 kWh 
produced by marine renewables, the CO2 emission can be reduced by 394g compared 
to Combined Cycle Gas Turbine (CCGT), 120g compared to Biomass, 937g compared 
to Coal powered energy generator, and about 1000g compared to Diesel power with 
25% efficiency (Smart and Noonan, 2018). At the moment, Scotland’s electricity 
generation using renewable energy (RE) tripled in the last 10 years with installed 
capacity of about 10GW by December 2018, or accounted to over 70% of total 
electricity used in Scotland. The biggest contributor for this at the moment is still 
onshore wind, which responsible for about 71% of the total electricity generated 
through renewable energy resources. Wave and tidal sector, furthermore, only 
responsible for about 0.18%. Starting 1st of April 2016, however, the UK government 
decided to remove onshore wind power plant from subsidy recipient and further 
tightened the regulation for new plan (Wintour and Vaughan, 2015). Consequently, 
this condition reduced the number of onshore wind turbine planning application by 
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94% in 2018 compared to 2015 (Gabbatiss, 2018). This gives room for improvement 
for wave energy sector to be developed (Renewables in Numbers, 2019). 
 Among the renewable energy sources, ocean remains as the biggest energy resource 
waiting to be harvested. It is calculated as much as 1000 GWh of wave energy reaches 
the British isle every day on average (Barstow et al., 2008). The world energy council 
approximated no less than 29,500 TWh/yr of wave energy available, with the densest 
energy potential located in Europe and west coast of America (World Energy Council, 
2016; IRENA, 2014). This source of energy, contrary to the theoretical energy 
potential suggested, remains under used compared to other renewable energy sources 
such as wind and solar (Quirapas et al., 2015; Ly et al., 2014), with conversion 
technologies at a relatively early stage of development with consequent high energy 
cost. 
Waves is basically an energy passing through the surface of water. This energy mainly 
comes from the wind and then transmit across the ocean through the water. A stronger 
wind, which often occurs in the middle of the ocean, blows the surface of the ocean 
water and creates waves. These waves later travel toward the coastline transmitting the 
energy to an accessible location. This form of energy, along with offshore wind and 
tidal current, are commonly known as the marine renewables. Deployment of wave 
energy converter technologies are currently lagging to other two, due to its high cost 
of about EUR 330-630/MWh (IRENA, 2014) and poor performance of several projects 
to date. This thesis aims to boost the development of wave energy converters by 
reducing some key uncertainties associated with designing an Oscillating Water 
Column Wave Energy Converter.  
2.2 Oscillating Water Column (OWC) energy converter 
The general principle of an OWC can be seen in Figure 2. In general, an OWC device 
utilises wave crests and troughs to drive the water column trapped inside the OWC 
chamber to oscillate up and down. This oscillation occurs due to hydrodynamic 
pressure variation at the column base. These water column movements, furthermore, 
force the air inside the chamber to move out and in via an air channel. The power 
generation can then be done by placing a power take-off mechanism in this air channel.  
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Figure 2 Schematic of Oscillating Water Column (OWC) wave energy converter. 
The development of an Oscillating Water Column started in 1940s by the development 
of a floating OWC device to power a navigation buoy (Masuda, 1986; Falcão and 
Henriques ,2016). It was designed and developed due to its simplicity and potential for 
being relatively low maintenance. In the beginning, therefore the development was 
only focused on energy generation. Only after the idea of a perforated vertical 
breakwater was conceived in 1961 by Jarlan (1961), engineers then began to study the 
possibility of combining oscillating water column concept into a vertical breakwater 
(Takahashi, 1989). These studies found that integrating an OWC into a vertical 
breakwater is not only possible, but also has the theoretical potential of 100% energy 
absorption (Evans and Porter, 1995). Apart of the energy absorption capability, an 
OWC installed breakwater appears attractive compared to other wave energy 
converters (WECs), due to its simplicity in design, its ability to be located further into 
the ocean (higher energy exposure but remain connected to the coastline), and its 
ability to share the cost between the energy generation and coastal protection. The 
power take-off system, furthermore, does not require any submerged moving since it 
will be connected to the air chamber above the still water level (swl), although, it is 
important to note that the air flowing out of and into the chamber may be very humid 
and saturated with salt water spray.  
Over the years, many researchers have explored the optimum design of an OWC. In 
general, the studies focused on the front wall wave loads, OWC caisson dimensioning, 
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and on power take-off optimisation. Small-scale physical model studies found that an 
inclined slope front wall will reduce the wave loads experienced by the front wall but 
will have higher wave transmission coefficient when compared to an ordinary vertical 
wall (Takahashi, 1989; Müller and Whittaker, 1993). Subsequent studies also found 
that the front wall geometry and the front wall penetration - defined as the depth of 
submerged part of the front wall divided by the distance between the swl and the 
OWC’s chamber floor - also play a significant role in determining the overall 
efficiency of the device, with typical efficiencies of up to 70% reached (Morris-
Thomas et al., 2007). Preen and Robertshaw (2010) hypothesised that the total forces 
acting on the front wall will be the sum of wave pressure distribution and hydrostatic 
pressure distribution, and be reduced by the opposing pressure distribution acting on 
the in-chamber side of the front wall. Unfortunately, hitherto, there have been no 
experimental or numerical results to support this argument. The front wall wave load 
studies (e.g. Morris-Thomas et al., 2007; Kuo et al., 2015) mostly focused on non-
impulsive wave loads, but one of the biggest concerns in a conventional vertical 
breakwater design is in impact loads. Recent findings suggested that introducing an 
OWC caisson may lead to a reduction in wave reflection of a vertical breakwater (He 
and Huang 2016; Viviano et al., 2016). It is interesting to speculate whether the same 
effect can be seen in terms of impact loading experience by the front wall.  
In addition to the wave loading, the OWC caisson dimension should also be selected 
based upon the wave characteristic. Takahashi (1988) recommended for the chamber 
width, submerged front wall, and chamber height to be designed depending on the 
local sea wave length and wave height. This will be discussed further in Methodology 
Section 3.1.2. Another important aspect in designing an OWC is the angle of wave 
incidence. Previous studies showed that under un-favourable oblique wave approach, 
the wave over topping type wave energy converter, Seawave Slot-cone Generator 
(SSG), performed 50% less efficiently compared to the 2-D study (Kofoed et al., 
2006). This thesis, however, device performance is not a central theme, and the 
analysis is limited to 2-D, so the effect of wave angle is excluded.  
For OWC caissons, the exploration focus is further divided into the loads acting on the 
in-chamber walls and the water column condition during operation. Early exploration 
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on the rear wall wave pressure was done leading to the then proposed 4MW wave 
generator at Siadar bay, Scotland. Patterson et al. (2010) postulated the wave pressure 
distribution acting on the rear wall of the air chamber comes from the “missing” part 
of the front wall and the pressure distribution should be hydrostatic as illustrated in 
Figure 3.   
 
Figure 3 Hypothesised wave loading model for the OWC rear wall. Figure adapted from 
Patterson et al. (2010) 
More recent small-scale physical model results, however, showed that the pressure 
acting on the rear wall is actually closer to a Goda-like pressure distribution (Kuo et 
al., 2015). These experiments were, unfortunately, limited to regular wave tests and 
did not include the power take-off influence on the pressure distribution.  
In addition to the in-chamber wave loads, the water column behaviour during operation 
is also crucial to the overall performance of the energy generator. To determine the 
device performance, the water column is mostly assumed to be well-behaved during 
the design stage. An experimental visualisation of the water column during operation, 
however, demonstrates that it might not always be the case (Müller and Whittaker, 
1995). The authors found that there might be an impact acting on the rear wall of the 
chamber under certain wave conditions. More recent particle imaging velocimetry 
(PIV) results supported this by showing a vortex occurring behind the front wall 
opening when the water column is moving up (Lopez et al., 2015). Medina-Lopez et 
al. (2015) further suggested that a pressure drop below the cavitation limit might 
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occurs on the opening of the front wall during extreme wave conditions. This condition 
may cause “cavitation erosion” to occur near the opening of the chamber. It is not 
impossible to imagine that this could initiate damage, e.g. by exposing reinforcing bar 
in concrete.  
Apart from the structural influence, non-ideal water column conditions can be 
expected to have a negative effect on the wave energy conversion efficiency of the 
device. One could imagine that the chaotic water column movement may increase the 
amount of larger-scale turbulent motions in the chamber, which could lead to a 
significant reduction in energy extraction capability. Additionally, due to the moisture 
in the air chamber exceeds 65%, the power extraction capability may decrease by about 
50 to 70% (Sheng et al., 2013; Medina et al., 2016). Although it has a significant effect 
on the performance of the device, there is very limited literature focused on the 
condition of the water column during operation, including looking on the wave 
condition under which the chaotic movement is more likely to occur.  
Due to nonlinearity of the water chamber oscillation, there are two types of turbine 
most commonly used for an OWC power take-off mechanism: Wells turbine and 
Impulse turbine.  
Wells turbine utilises a symmetrical aerofoil as the turbine blades in order to produce 
a uni-directional rotation independent of the direction of air flow. For this type of 
turbine to work, the incident angle of the turbine’s blade need to less than about 15o or 
there is a high chance of stalling. Most of the time, pair of guide vanes are utilised to 
increase the efficiency of the turbine. Although commonly used, past repots showed 
that Wells Turbine has some disadvantges such as: narrow range of operating flow 
rates, poor starting characteristics, and high speed operation (700-1500 rpm) which 
resulted in high noise and high axial thrust (Setoguchi and Takao, 2006).  
The second type of turbine which commonly used is Impulse turbine. This type of 
turbine utilised a jet of air or steam directed onto vanes in order to rotate the turbine. 
Similarly, pair of guide vanes are also utilised to increase the performance efficiency 
of the turbine. This type of turbine works in much less speed compare to Wells Turbine 
(about 350 rpm). Comparison between the two turbines showed that although Wells 
Turbine has higher peak efficiency, it stall at lower air flow rate while Impulse turbine 
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still giving useful output over a wider range of air flow rate. In other words, the impulse 
turbine may has a higher mean efficiency under high intensity waves (Setoguchi and 
Takao, 2006). 
The PTO, furthermore, needs to be tuned to incident wave conditions to increase the 
performance of the device (Sarmento and Falcão, 1985; Jefferys and Whittaker, 1986). 
Although earlier study focused more on the utilisation of the Wells turbine, an impulse 
turbine was shown to have higher efficiency during starting and running condition in 
a separate study (Setoguchi et al., 1999).  
As mentioned in the Chapter 1, scaled testing plays an important role in the 
development of a coastal structure, including OWC. It is widely known that the Froude 
similitude law commonly used in coastal structure scaled model testing will not scale 
down the aero-thermodynamic characteristics inside the air chamber correctly (e.g. 
Takahasi et al., 1985; Falcão and Henriques, 2014). This condition might then lead to 
the so-called small-scale effect in an Oscillating Water Column device scale testing. 
Falcão and Henriques (2014), furthermore, showed that these scale-effects can be 
reduced significantly by utilising a geometrically similar turbine in the model. 
Unfortunately, such application is limited to large-scale physical model of about 1:4 
(at minimum) to ensure the fluid dynamic similitude between the prototype PTO and 
the scale PTO. In most cases, this scale effect is ignored, and Froude similitude is 
followed. Due to this, it is important to check what is the impact of ignoring the scale-
effect and employ only Froude scaling in the physical model experiments.  
2.3 Lessons learned from OWC projects  
Over the years, there have been several OWC pilot projects in Europe. Early examples 
are shoreline OWC projects called LIMPET and Pico power plant in the UK and The 
Azores respectively. The world’s first grid connected OWC installed breakwater was 
constructed at the port of Mutriku, Basque Country, Spain in 2009-2012, and the U-
OWC type WEC in the Port of Civitavecchia in Italy followed in 2011 (Arena et al., 
2017). Apart of the bottom-stand OWC projects, there are also example of floating 
OWCs. This section will discuss the development of the OWC through the 
aforementioned OWC devices.  
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2.3.1 Land Installed Marine Power Energy Transmitter (LIMPET) 
The Land Installed Marine Power Energy Transmitter (LIMPET) was designed and 
developed by the Queen’s University of Belfast and constructed on the Isle of Islay, 
Scotland. When it started its operation in 2001, LIMPET was the first grid connected 
WEC in the world. The wave energy converter is an onshore oscillating water column 
device and was designed to generate 500kW of electricity. Figure 4 shows the 
schematic of LIMPET power plant which comprises a three 6m by 6m concrete 
chamber water columns and 40o inclined front wall.  
 
Figure 4 LIMPET on-shore oscillating water column (OWC) mechanism (Poullikkas, A., 2014). 
The front wall inclination was selected after a small-scale test of 1/36 model 
experiments found that compared to a vertical structure, the 32.7o front wall inclination 
led to a 36% wave pressure decrease, and the -32.7o angle (experienced by the front 
wall facing the chamber) reduced the pressure as much as 56% (Müller and Whittaker, 
1993). The experiment, however, only used a single regular wave period of 1.49s. The 
same small-scale test later showed large vortices appeared at the “lip” of the front wall 
during the water inflow and outflow and a breaking wave hitting the back wall in a 
high incident wave cases (Müller and Whittaker, 1995).  
A LIMPET performance report indicated breaking wave loads of up to 690 kN/m2 
experienced by the prototype (Whittaker et al., 2004) which is consistent with small-
scale test. These results may show some of the reasons behind LIMPET poor 
performance during operation, only generating up to 100kW of its peak, about 20% of 
the rated capacity. Anecdotal evidence points also to a lot of wave energy being 
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dissipated by wave breaking in the shallow water offshore of the plant. Despite these 
performance issues, the project demonstrated that OWC wave energy converter’s 
simplicity can offer excellent reliability by performing about 98% of its lifetime (The 
Queen’s University of Belfast, 2002). This also shows that Wells turbine is suitable 
for an OWC type wave energy converter proven by the fact that the turbines used in 
Mutriku wave energy plant were designed and installed by WaveGen who grew out of 
the LIMPET project. A further conclusion was that the device did not require a lot of 
routine maintenance check-up, and was quite robust against any weather conditions. 
2.3.2 Pico power plant 
In parallel with LIMPET design and production, another full size fixed-structure OWC 
was initiated in the island of Pico, Azores, Portugal and under the coordination of 
Instituto Superior Tecnico (IST). The structure involves a single 12m x 12m cross 
section water column in a concrete chamber standing on the sea bottom as can be seen 
in Figure 5 (a) during a wave impact taken from the land and in (b) during calm water 
condition taken from sea. It was rated at 400 kW and was completed in 1999. The 
highest sustained energy output recorded was about 7500kWh during a near 400 hours 
of production in November 2010 representing an average of about 19 kW (Monk, 
2012). The development of the device included a wide range of scales test from 1:35th 
test in a wave flume to 1:4th in actual sea water. After almost 20 years of operation, the 
wave power plant is finally closed due to some partial failure in the base of the wave 
energy converter, according to the latest press release by WavEc in 2018. Another site 
of the same island is currently under assessment for wave energy generation power 
plant following decommissioning of Pico power plant (Henriques et al., 2013). 
 





Figure 5 Pico OWC-WEC in Portugal with the view (a) from the land during wave impact, and 
(b) from the sea during calm water condition (Aqua-RET, 2012). 
2.3.3 Mutriku wave energy plant 
Unlike coastline OWC structures like LIMPET and Pico plants, Mutriku wave energy 
plant is located in the deeper and more energetic location of the sea where a breakwater 
is needed as a harbour protection.  The OWC type chamber is installed in an already 
designed approximately 440 meters long breakwater (Figure 6). The construction was 
promoted by Basque utility Ente Vasco de la Energía (EVE). The main challenges 
faced by the WEC’s designers at that time were making a WEC design that will not 
interfere with the harbour accessibility and will not cause many alterations to the 
breakwater’s original design (Torre-Enciso et al., 2009). They later decided that an 
OWC concept could best fulfil both requirements. The final design of the OWC 
installed breakwater specified 16 OWC chambers, each connected to 18.5 kW self-
rectifying Wells turbine with a rated power of 296 kW in total. The turbine used in this 
project is the same design as LIMPET’s. Unlike LIMPET, however, this project used 
separate power take-off (PTO) system for each chamber. The developer claims that 
the power generator will avoid 600 tonnes of CO2 emission annually, although it is 
interesting to consider the embodied CO2 in the raw materials and the construction 
process. Another intention of the project is to make the place a reference point in 
marine energy development. This objective is successfully achieved upon the 
 
Literature review 26 
commissioning of the project. This marked the world first grid-connected OWC 
installed vertical breakwater.  
Although now operating, the construction was not a smooth process, suffering severe 
storm damage in December 2007, March 2008, and January 2009. These storms caused 
4 of the 16 chambers to be partially destroyed, including the loss of the entire section 
of the front wall as shown in Figure 7 (a) and (b) (Horvath, 2009). A subsequent study 
suggests that the pressure experienced by the structure may have reached 6 times the 
‘operational’ limits of the walls during these storms (Medina-Lopez et al., 2015). 
 
Figure 6 The bird’s eye view of the current (after rebuilt) OWC installed breakwater in 
Mutriku port, Basque country, Spain. (“Mutriku break water and OWC wave power plant”, 
Ocean Energy System, https://report2014.ocean-energy-systems.org) 
 





Figure 7 The damage of OWC installed breakwater in Mutriku caused by storm, showing (a) 
exposed chamber with the front wall missing, and (b) some of the layer of the front wall missing 
greatly reducing the front wall integrity (Horvath, 2009). 
2.3.4 Resonant Wave Energy Converter (REWEC) or U-OWC 
Europe’s newest wave energy power plant project based on the OWC design is the 
Resonant Wave Energy Converter 3 (REWEC3) or as also known as the U-OWC type 
WEC (Boccotti, 2003). The design is unique because, unlike a simple OWC chamber, 
this type of OWC utilise an additional wall extending in front of the front wall (Figure 
8) forming a “U” shaped wave duct – hence the “U” in U-OWC. By adding this vertical 
wall, the resonance of the device can be better tuned to a larger wave conditions (Hs > 
1.5m), which lead to higher absorption of wave energy under these wave conditions. 
Bocotti (2007) estimated that for the identically size structure of OWC, the U-OWC 
could absorb 90.7% of the wave energy compared to only 15.6% of the simple OWC 
configuration when exposed to irregular sea condition with significant wave height 
(Hs) of 2.5m, making the U-OWC generate approximately 5.5 times more electricity 
power than the simple OWC.  
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Figure 8 Schematic of U-Oscillating Water Column or Resonant Wave Energy Converter. 
After much numerical and experimental testing, the world’s first U-OWC prototype 
construction was started in the port of Civitavecchia in 2011 (Malara et al., 2015). The 
578m wave energy power plant consists of 124 chambers integrated into caisson 
breakwaters. One caisson comprises of 8 chambers. Early report of the first U-OWC 
plants can be seen in Arena et al. (2017). It is important to remember that addition an 
additional wall may increase the difficulty of the construction. Furthermore, this type 
of wave energy converter is still using the fundamental OWC wave absorption 
mechanism. Due to this reason, the current thesis limits investigation to a simple OWC. 
It will be very interesting to see the development of this wave power plant in its 
operation.  
2.3.5 Siadar wave power project 
In 2009, Npower proposed a 4MW wave energy plant, the largest in the world, in 
Siadar Bay, in Lewis, Scotland, shown in Figure 9. The proposal was submitted in 
2010 as a result of Scotland’s ambition to increase its renewable energy generation 
plan from 50% to 80% by 2020. A Scottish based wave energy company who had 
provided the turbine for LIMPET and Mutriku and would supply 36 Wells turbine to 
chamber over 220 m breakwater run, Wavegen, was then given the opportunity to build 
the wave power plant. Site measurements were used in a detailed study to establish the 
design wave conditions and the optimum orientation of the breakwater, which was 
established to be 310-315o (Patterson et al., 2010).  
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As can be inferred from the remote, island location, grid connection was one of the 
main challenges faced by this project. The project needed a subsea cable to connect 
the island to the national grid. The project was delayed due to the delays in the 
interconnector and high transmission charges, according to the spokesperson for 
Comhairle nan Eilean (Western Isle Council) in the Stornoway Gazette before its 
ultimate abandonment in 2012. WaveGen subsequently took on the promotion of the 
project and re-designed it to a 20 MW scheme. Sadly, it did not progress due to 
continued uncertainty on grid connection capacity. With the abandonment of the 
revised Siadar project, WaveGen sadly folded.  
The cancellation of the project was a big blow to the wave energy development in the 
UK. This situation, however, emphasises the urgency for addressing the uncertainties 
in the breakwater installed OWC structure design. According to one of UK’s leading 
technology research centre for offshore renewable energy, Catapult, there are 4 areas 
of improvements need to be achieved through innovation: (a) reliability and 
availability, (b) structures and moorings, (c) offshore operational cost reduction, and 
(d) electrical connectors (Smart and Noonan, 2018). This assessment, combined with 
lessons learned from Siadar design process and the damage suffered at Mutriku, shows 
that determining wave loads is crucial and one of the most important consideration in 
starting a wave energy plant project. 
 
Figure 9 The location of the 4 MW Siadar wave energy converter project proposed, indicated by 
the red triangle. 
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2.3.6 Floating OWC development 
The European projects discussed so far have all been fixed structure, either at the 
shoreline or integrated within a fixed breakwater. Elsewhere, the floating OWC has 
been explored too. An early example was an open sea test was done in Gokasho Bay, 
Nansei Town, Japan in September 1998. The device called ‘Mighty Whale’ was a 
floating oscillating wave power device consisting of three air chambers. It was tested 
in an open sea and even endured a typhoon with a significant wave height and period 
of 5.57 m and 12.5 s (Washio et al., 2000). Unlike a fixed structure OWC device, a 
floating body of the a floating OWC structure enable the chamber to oscillate. This 
characteristic adds the mooring mechanism of the whole system to be very important 
in determining the efficiency of the energy generation. For a floating OWC design, the 
distance between the floater bottom and the top of the OWC is found to be the most 
influential factor in determining the annual average power output. One potential 
advantage of a floating OWC, due to the mobility of the device, is the peak frequency 
at which the device best operates. The device will have two peaks frequency due to 
the movement of the device itself and the water column inside the chamber. This 
allows the device to be tuned to a wider operating range (Gomez et al., 2011).   
Another example of a floating OWC example was a 1: 3 scaled floating OWC tested 
in 2010 and deployed by Oceanlinx, an Australian company at Port Kembla (Figure 
10). Extreme weather broke the mooring of the device in the same year, although 
fortunately, the structure was safely recovered soon after. The company continued to 
a development of the 1 MW energy generation device called greenWAVE in 2014. 
Unfortunately, the completed device was damaged beyond repair during its transport 
from Port Adelaide to Port McDonnell. The device is currently stranded in Yankalilla 
Bay, South Australia and waiting removal. This kind of failure was not unprecedented. 
In 1995, world’s first offshore wave power plant OSPREY 1, which intended to be 
installed near Dounreay, Scotland, sank to the bottom of the ocean after caught by the 
3 m swell of Hurricane Felix. The unfortunate wave energy device was developed by 
Applied Research and Technology of Inverness. It was concluded that repairing 
OSPREY 1 was unlikely to be viable and the project was abandoned. Those failures, 
with combined cost of more than US$ 9 million as reported by the Australian 
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Renewable Energy Agency and The Herald, further highlight the critical importance 
of sea-keeping in floating OWC devices. 
The failures of OWC devices of greenWAVE and OSPREY 1 indicate the difficulties 
faced by such devices. Although they are not the reasons to give up an alternative 
mounting structure needs to develop which can withstand the harsh operating 
environment condition. Mutriku power plant has demonstrated that integrating an 
OWC within a breakwater is a practical, and perhaps the cheapest, solution to the 
problems. In this case, it is important to understand the use and aspects of breakwater.  
 
Figure 10 Oceanlinx floating OWC developed by Oceanlinx, Australia (Parkinson, G., 2013). 
2.4 Wave loading on conventional vertical breakwaters   
Generally, a breakwater is used as a protection for the coastal area behind it from the 
open ocean waves. The structure needs to be stable enough to avoid sliding and over-
turning by wave loads.  
These wave-loads include the slow-developing but longer-acting non-impulsive loads 
and short-lasting but high-intensity impulsive loads. The earlier modelling (Hiroi, 
1919) modelled wave loads as a uniform water jet pressure, exerting to an elevation of 
about 1.25 times the wave height. This method supposed to estimate the wave pressure 
acting on the breakwater which includes both impulsive and non-impulsive wave 
loads. In 1928, another pressure formula based on non-linear wave theory for standing 
wave was introduced (Sainflou, 1928). The formula was immediately accepted by 
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many coastal engineers around the world as a basis to estimate the non-impulsive wave 
loads. The earlier formula was still used to estimate the impulsive wave loads in 
designing a breakwater. Both formulae, however, only used regular wave conditions 
with a single wave height for the calculation. This created a confusion when applied 
to the real sea waves since the wave height is not uniform (irregular sea conditions).  
To resolve this confusion, Goda (1975) proposed a new set of wave pressure formulae 
for freeboard section of a simple vertical breakwater. These formulae were derived 
from many experimental data and theoretical considerations and have been shown to 
have a good estimation on the horizontal forces acting on a coastal structure (Weibe et 
al., 2014; Kuo et al., 2015; Tomiczek et al., 2018). These formulae are currently 
accepted as the benchmark for non-impulsive wave loads estimation around the world. 
All of the non-impulsive wave loads estimation in this thesis utilise the extended 
version of the formulae which can be seen in Goda (2010).  
Unlike the pulsating loads, impact loads which often come from a breaking wave have 
unpredictable pressure on various kind of breakwater structures (Kirkgöz, 1995; 
Allsop et al., 1996; Laju et al., 2005; Bullock et al., 2007; Kisacik et al., 2012).  
The impact load of a breaking wave has always been one of the main uncertainties in 
a breakwater design, neglecting impact loads during the design process can be 
catastrophic (Oumeraci, 1994). To solve the uncertainties, it is important to know what 
makes a breaking wave create an impact pressure.  
One of the earliest concepts of impact pressure generation was proposed by Bagnold 
(1939) who argued that the pressure is generated due to the enclosed air pocket, 
trapped between the impinging wave and the breakwater wall. The concept will be 
revisited and explained further in sub-chapter 2.6. An experiment done by Hattori et 
al. (1994) supported this argument and showed that the highest impact pressure may 
occur if there is a very small amount of air entrapped between the wall and the breaking 
wave. This experiment also showed that a larger amount of air entrapment might 
produce less impact. Cooker and Peregrine (1991a; 1991b), on the other hand, 
developed a computational model which shows that the pressure comes from the 
turning ‘flip through’ motion of the wave meeting a vertical wall, this argument later 
supported by an experiment done in 2001 (Oumeraci et al., 2001).   
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Allsop et al. (1997) then identified design methods used for wave impact loading 
prediction for a vertical breakwater and put them to an experimental test. The test 
results later used as a guidance to produce a decision chart for a simple or composite 
vertical breakwater which described the type of loadings will the structure face based 
on the berm height, the wave height, and berm length. 
The Probabilistic Design Tools for Vertical Breakwaters (PROVERBS) project, led by 
Oumeraci and carried out between 1996 and 1999, established an enhanced design 
guidance for vertical breakwaters, with the integration of wave impacts into a 
probabilistic design methodology. The project differentiates the type of wave loads 
based on the duration of the load and the structure vibration natural period. The 
impulsive load occurs in a shorter duration than the structure vibration natural period, 
whereas the non-impulsive load occurs longer than twice the natural period. Separate 
prediction formulae are then developed to address each type of load. The large-scale 
experimental results, however, shows that the prediction formulae still gave a wide 
scatter showing room for improvement.  
In addition to the plain vertical breakwater, designs have been explored to reduce 
reflection and dissipate incident wave energy. In 1961, a wave chamber was integrated 
into a vertical breakwater caisson in an attempt to reduce the wave reflection and 
overtopping characteristics of the structure (Jarlan, 1961). This so called perforated 
vertical breakwater’s wave chamber is not unlike an OWC chamber. It is possible for 
the wave chamber to be modified into an OWC while still maintaining the wave 
reflection reduction ability (He and Huang, 2016). This made the integration of an 
OWC chamber into a vertical breakwater design so much simpler compared to other 
type of breakwaters, such as rubble mound breakwaters. Thus, this thesis aims to use 
these established methods (for plain vertical walls) as starting points, to be extended 
for application to OWCs integrated into a vertical breakwater.  
2.5 Scaling methods for physical model test 
Prior to a production of a coastal structure, it is always preferable to test the design 
first using a small-scale physical model. This is the most cost-effective estimation for 
the prototype behaviour when built. The physical model test conducted in a controlled 
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environment allow observation of multiple complex boundaries interaction which are 
difficult to simulate in current finite numerical calculation. In order to guarantee the 
similarity of physical characteristic between the physical model and the prototype, 
certain similarity requirements need to be met such as geometrical similarities, fluid 
dynamic similarity, and external effects similarities (Hughes, 1993). The external 
similarities, furthermore, include pressure, gravity force, wind shear stress, etc. In 
order to represent such variable similarities, several dimensionless parameters are then 
introduced using dimensional analysis as the base principle such as, Froude number, 
Reynolds number, Euler number, Weber number, Cauchy number, Mach number, and 
Strouhal number.  
In modelling the hydrodynamic properties of a coastal structure site at smaller scale, 
both Froude number and Reynolds number are potentially important. Keeping one of 
these numbers the same, combined with geometric similarity, guarantee the 
hydrodynamic similitude in most coastal structure physical models. Which number 
need to be kept the same will be depending on the dominating force in the system. 
Froude number similarity or Froude criterion needs to be fulfilled when the relative 
influence of inertial force and gravity force are the most important influence of the 
system. The Reynolds number needs to be maintained if viscous forces dominate the 
hydraulic characteristic. Equations 1 and 2 describe the Froude number (Fr) and 
Reynolds (Re) numbers respectively. 
𝐹𝑟 =  
𝑣
√𝑔𝑙
                                                            (1)  
𝑅𝑒 =  
𝑣𝜌𝑙
𝜇
                                                            (2) 
where: v = characteristic velocity, g = gravity acceleration, l = characteristic length, μ 
= dynamic viscosity of the fluid, and ρ = density of the fluid 
2.6 Scaling effects in conventional vertical breakwater modelling 
for impulsive loads 
Using a Froude scaling for non-impulsive wave loads experienced by a breakwater is 
commonly accepted. For impulsive wave loads, on the other hand, Froude similitude 
may not work correctly. In order to understand why, it is important to understand the 
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fundamental concept of impulsive loads. Impulsive loads usually generated by a 
breaking wave. The movement of breaking wave trapped a volume of air as illustrated 
by the dashed line in Figure 11. Figure 12 show the action of impulsive loads due to 
breaking wave on a vertical wall in a wave flume. As can be seen, a volume of air is 
trapped due to “flipping” motion of the breaking wave. 
 







Figure 12 Impulsive loads; a breaking wave moving toward the wall (a), hitting the wall with an 
air pocket formed between a water mass and the breakwater (b), and the water mass hitting the 
wall (c). 
Bagnold (1939) proposed formulae to estimate the impact pressure generated by an 
entrapped air cushion during breaking wave on a vertical breakwater by modelling it 
as a volume in a chamber compressed by an impinging mass of water column as 
illustrated in Figure 13. The generated air pressure (pBa) relationship with the water 
mass is linear with the effective height of the water mass (kBa) (water volume / area) 
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x denotes the varying thickness of the air volume over time t and ρw denotes the water 
density. If adiabatic compression is assumed in the air volume, the generated pressure 







Figure 13 Air pocket with length (D) compressed by an impinging water mass with length (k) 
model (Bagnold, 1939). 
Based on initial conditions at t = 0 of x=D and dx/dt = -uo with uo denotes the velocity 
of impinging water mass, the ratio between the peak air pressure generated (pmax) and 
atmospheric pressure (po) is approximated by Equation 3. 
(𝑝𝑚𝑎𝑥)𝐵𝑎
𝑝𝑜




)                                (3) 
The non-dimensional parameter on the right side of the formula is called “Bagnold 
number”. In this model, the water column movement is assumed to be a simple piston 
with a flat surface at all time. Mitsuyasu (1967) expanded this formula to include the 
effect of air leakage to the peak pressure generation. 
By drawing upon the similarity between the situation of a generated impact pressure 
(pBa) and chamber pressure generation in a wave chamber (pc)wc, Takahashi et al. 
(1985) proposed a modified Bagnold equation to calculate the impulsive vertical forces 
acting on the ceiling of a wave dissipating caisson installed in a perforated vertical 
breakwater due to breaking wave. In this case kwc defined as a quarter of the added 
mass of a plate whose width equal to 2 times chamber width (𝑘𝑤𝑐 =
𝜋𝐵𝑐
4
) and Dwc is 
equal to the height of trapped air. The modified definition of kwc, Dwc, and (uo)wc can 
be seen in Figure 14. The value of water column vertical velocity (uo)wc is depending 
on the incident wave height and impact rise time (tr). The same modification can be 
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applied for the case of the oscillating water column by substituting the height DBa with 
the chamber height hc (Takahasi, 1988). 
 
Figure 14 Air compressed by a mass of water model application on a perforated vertical 
breakwater with wave dissipating chamber (Takahashi et al., 1985).                                      
Takashi et al. (1985) and Takahashi (1989) tested the formula by means of small-scale 
physical model and found that the model measurement tended to over-estimate the 
peak pressure at the prototype scale. The model used was a 1/20 scale model, scaled 
down using Froude similitude law. The over-estimation may happen because the 
characteristic of the trapped air may not follow the Froude similitude correctly.  
As can be inferred from the Bagnold number relationship (see Equation 3), unless the 
ambient pressure during experiment is scaled down in proportion to the scaling ratio, 
the peak air pressure generated will not follow the scaling ratio between the model and 
the prototype. Since controlling the ambient pressure is generally difficult to achieve 
even in a controlled laboratory environment, an adjustment factor (λ) was introduced 
by Takahashi et al. (1985) in order to adjust the small-scale physical model 
measurement. The factor can be calculated by comparing the measured peak pressure 






                               (4) 
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where sc denotes the length ratio between the model and prototype. The experimental 
observation showed an adjustment factor (λ) equal to 3.01 for the case of no leakage 
and 2.43 for the case of 0.75% orifice:chamber area ratio. 
It is important to note that these formulae were developed to calculate the peak 
pressure caused by impulsive loads of a breaking wave on a vertical wall and inside a 
wave dissipating chamber. Although similarity can be drawn for a compressed air 
chamber by water column oscillation, the peak pressure resulted from water column 
induced by non-impulsive loads may act differently when scaled down. This needs to 
be investigated further.  
The introduction of adjustment factor (λ) to the modified Bagnold equation by 
Takahasi et al. (1985) highlighted the uncertainty in impulsive loads experiments in 
small-scale model of a conventional vertical breakwater. Allsop et al., (1997) 
suggested an adjustment factor between 2.22 to 2.5 for a 1/32 model of a vertical 
breakwater, tested using fresh water. A wider range of scale effect correction factor 
for conventional vertical breakwater was also proposed by Cuomo et al. (2010b) for 
multiple Froude scale numbers as a function of model Bagnold number (BgnM) in the 
Y-axis and prototype Bagnold number (Bgnp) on the X-axis shown in logarithmic scale 
(Figure 15). 
 
Figure 15 Scale factor as a function of Bagnold number of the model (BgnM) in the Y-axis and 
Bagnold number of the prototype (Bgnp) on the X-axis shown in logarithmic scale, taken from 
Cuomo et al. (2010b). The solid lines indicate the scale factor that need to be used when up-scaling 
the impact pressure measured using the small-scale model.  
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2.7 Scaling effects in modelling OWC breakwaters 
For a small-scale model testing of an OWC structure, the air and water interaction 
characteristics inside the chamber will not scale properly using Froude scaling method 
(similarly to the problems in testing impulsive loads on a breakwater scale model). To 
simulate the air viscous characteristic properly in this case, Reynolds similitude law 
should be fulfilled. Unfortunately, for both scaling methods to be satisfied in the same 
model is practically impossible except at 1:1 scale, since Froude similitude law dictate 
the model-to-prototype chamber volume ratio (vm/vp) = sc1/2, while Reynolds require 
(vm/vp) = sc-1. Since the gravity force is much more important than the in-chamber air 
characteristics in a physical model testing, the effects related to Reynolds number are 
often neglected, especially for cases where the Reynolds number is higher than 105.  
Falcão and Henriques (2014) proposed the model-to-prototype chamber volume ratio 
(vm/vp) should be sc2 instead of sc3 to compensate for the air compression uncertainty 
based on non-dimensional analysis. Since the geometric scaling of the structure will 
give the air volume to be sc3, not the desired sc2, an additional variable air volume is 
suggested to be connected to the OWC model chamber to compensate for the lack of 
air volume. This suggestion, however, may present significant practical challenges in 
an experimental test since the external air tank need to be mounted in a close proximity 
to the OWC chamber and the pipe connection need to be relatively large diameter to 
avoid pressure loss when the air is circulating between the chamber and the tank. In 
addition, connecting a model OWC chamber to an external air volume may alter the 
in-chamber loading and water column behaviour. Weber (2007) suggests keeping the 
representative air chamber height for all scale to be the same, thus following the sc2 
requirement. This method, however, may mean that any wave overtopping effect of 
the incident wave will not be modelled correctly, with possible knock-on effect on 
wave loadings. Viviano, et al. (2018) showed that preserving prototype the chamber 
height in a 1:9 model only had slightly increased natural period of the device (by less 
than 10%), while it may increase the over-estimation of the front wall wave loads 
measurements of the small-scale model by a factor of 1.5. Due to this consideration, 
Froude scaling similitude will be followed for overall dimensions in this thesis and 
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consequently keeping the in-chamber air volume ratio between the model and the 
prototype to be sc3, instead of sc2.  
To reduce the uncertainty caused by the small-scale affect, Dimakopoulos et al. (2017) 
proposed a non-dimensional compression number omega (Ω) for the air chamber 
characterisation in a scaled physical model. The number can be used to calculate the 
ratio between the volumetric flow rate of the air passing through the power take-off 







2 , where: qc 
= air flow rate through the power take-off, and Qc = air displacement flow rate from 
the water movement. When Omega (Ω) is less then and equal to 0.1 then the air can 
be considered as incompressible, while Omega (Ω) bigger than 0.1 means the air 
compressibility is significant.  
By utilising this method, the consistency of the energy performance between a small-
scale model and a full-scale model should be ensured. The scaling effects related to 
the wave loading experienced by the structure, on the other hand, have not been 
explored. Chapter 6 of this thesis will explore the scaling effects associated to the wave 
loadings uncertainties in the small-scale model of an oscillating water column wave 






Original work presented in this thesis draws primarily upon two sources of physical 
model data of an Oscillating Water Column with a vertical front wall. The thesis is 
divided into three parts: in-chamber wave loads model, extreme wave impacts on the 
front wall and inside the chamber, and scaling effect of a scaled OWC physical model 
testing. A theoretical study is done for the first part of the analysis by drawing 
similarity between a conventional breakwater design tools and modify it to be applied 
in in-chamber wave loads model of an OWC installed vertical breakwater. The model 
is then validated using the large-scale model data because the large-scale is assumed 
to be more similar with a prototype scale compared to the small scale. Furthermore, 
the wave generator used during the large-scale campaign is capable to produce a wider 
range of wave conditions compare to the small-scale experimental campaign.  
The second part of the thesis involved the impulsive loads experienced by the front 
wall and the inside the chamber. For the front wall, the experimental observation is 
compared with a conventional vertical breakwater estimation design tools for the non-
impulsive and impulsive loads transition, impulsive force and rise time relationship, 
and the probability of impact in certain number of wave cycles. Furthermore, the in-
chamber water column behaviour during operation is mapped under various sea states 
for the first time to investigate the wave conditions under which sloshing is more likely 
to occurs by means of video recorder placed inside the chamber. The water column 
behaviour then identified, characterised, and quantified for the extreme conditions 
which includes in-chamber ceiling impact.  
The third and last part of the thesis investigates the scaling effect involved in a scaled 
physical model experiments of an OWC wave energy converter. The comparison is 
done especially for the chamber pressure generated inside the chamber during 
operation. An adjustment factor will be established based on the comparison to adjust 
the smaller scale physical measurements to estimate the prototype scale measurements.      
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3.1 Large-scale test (GWK) 
3.1.1 Wave channel 
The large-scale experiments were carried out in the large wave channel (Grosse 
Wellenkanal, GWK) in Hannover, Germany. The “GWK OWCs” project was an EC 
Hydralab III access project led by University of Edinburgh in collaboration with HR 
Wallingford, Second University of Naples, Queen’s University of Belfast, and the 
University of East Anglia. Although these experiments were done prior to the start of 
the PhD, it has been raw data from those tests that has been the starting point for all 
the large scale data analysis presented in this thesis.  
The flume size is 307m long, 5m wide, and 7m deep. The hydraulics driven machine 
shaft can generate wave heights (H) up to 2m are achievable for regular waves, with 
significant wave height (Hm0) up to 1.3m achievable for the irregular waves. The wave 
generator also capable of producing wave period between 3.0s and 6.0s with good 
accuracy. The structure installed was consisted of three chambered caissons and 
located approximately 100m from the wave maker. The three OWC caissons were 
hydraulically identical, although only the middle caisson was instrumented. The power 
take-off is simulated by means of circular orifice opening.  
The OWC caisson geometry was fixed, but the still water depth (h), orifice opening 
diameter (Dori), and front wall ‘lips’ penetration (w) were controlled. Orifice opening 
diameters (Dori) were selected between zero (closed chamber) to 0.3 m (where orifice-
to-chamber area ratio Ao/Ac = 2.0% - approximating a fully open situation), still water 
depth (h) was selected as 3.5m, and front wall ‘lips’ penetration (w) was selected as 
0.38m. Schematics of the experimental arrangement at GWK are shown in Figure 16 




Figure 16 Experimental setup at GWK from (a) longitudinal section with the water depth for 
both the deeper part and the shallower part in m, and (b) top view. The waves travel from left to 
right with the paddle to OWC length = 97.47 m. 
3.1.2 Oscillating Water Column physical model configuration  
The detailed longitudinal section of the centre caisson of the structure and the location 
of the pressure sensors is indicated in Figure 18 with dimension in mm. The vertical 
front wall structure was selected due to its simplicity and constructability. 
Furthermore, wave energy converter device in the port of Mutriku showed that such 
configuration is working and simple enough to be built. In an OWC design, there are 
three most important geometries: chamber width (Bc), submerged front wall (w), and 
chambers height (crest freeboard) (hc) (Figure 17).  
 
Figure 17 Most important geometries in designing an OWC chamber after Takahashi (1988): 







Takahashi (1988) recommends several values for the OWC installed breakwater 
design based on the hydrodynamic efficiency and structural stability as follows: Bc 
equal to about 0.13L (wavelength), w equal to about 0.25Hmax (highest incident wave 
height), and hc equal to about 1.0Hm0. The chamber width is about 0.17L. The 
submerged front wall is about 0.3 Hmax. The chamber height (crest freeboard) is 
selected to be about 1.2 Hm0 to reduce the wave overtopping possibility (Bourke, 
2013).     
For the experiment, eight wave gauges measured the wave conditions: four wave 
gauges (WG01-04) were located at the full depth zone where the bottom is flat; the 
other four wave gauges (WG05-08) were located 1 m in front of the structure where 
the bottom has a 1:6 inclination. These arrangements allow the wave reflection to be 
analysed using both 3 probes method and 4 probes method – see Mansard and Funke 
(1980); Faraci et al. (2014). If it can be imagined that the reflected wave is the amount 
of incoming energy being reflected back into the ocean, then the power take-off setting 
which resulted in the least wave reflection, “absorb” the most of that energy, thus has 
the highest efficiency. The wave reflection analysis results conclude that under 
irregular waves conditions, the 0.2m orifice diameter yields the least reflection and 
therefore optimum energy extraction (Viviano et al., 2016). Five further wave gauges 
(WG09-13) are located inside the caisson chamber – one close to each corner and one 
in centre of the chamber – to measure the water surface elevations inside the chamber.  
A line of five pressure transducers were placed vertically on the front wall facing 
outside (P1-P5) and on rear wall facing into the chamber (P8-12). Two pressure 
sensors are mounted in the ceiling facing down into the chamber (P6 and P7). Figure 
19 (a) and (b) show the photograph of the facility where the experiments were done, 
along with the three identical structures used for the experiment before the installation 
of the load-bearing front wall. Figure 19 (c) shows the inside view of the caisson 
chamber. The lines drawn on the wall represent the distance from the ceiling. The 
orifice used to provide damping was mounted 1.4m above the chamber ceiling, in a 
0.5m diameter ‘chimney’ above the centre of the chamber, both to avoid influence of 
overtopped water and to enable the orifice to serve the additional purpose of giving a 
further (approximate) measure of air flowrate. Figure 20 shown the complete structure 
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with the front wall just before the experiment (a) and during the experiment with an 
additional “stop log” installed on the very top of the wall (b) to avoid wave 
overtopping. The front wall of the structure was formed of a “stop log” previously used 
by the facility to dam the flume, which was thicker than the chamber wall and anchored 
at both sides of the flume. Although only the central chamber (of the three) was 
instrumented, other two chambers were hydraulically identical, with the same PTO 
arrangement and setting. 
In the operating condition, the air damping characteristics inside the chamber will 
change depending on the power-take-off (PTO) resistance. To vary the damping 
characteristic of the PTO, five different orifice diameters were used = 0.05m, 0.1m, 
0.2m, and 0.3m. In addition, a fully closed caisson chamber (orifice diameter = 0m) 
was tested. The 0.3m orifice approximates the fully open condition, offering very little 
resistance to the air flow. The opening diameters from 0.05m to 0.2m represent the 
operating conditions. 
 
Figure 18 Detailed longitudinal section of the OWC device. P1 to P12 indicate the location of the 





Figure 19 Photos of (a) the GWK facility, (b) Three structures of the OWC caisson tested, and 
(c) Inner view of the caisson chamber. 
 
 
Figure 20 The complete structure (a) before the experiment and (b) during the experiment with 







3.1.3 Tested wave conditions 
Both regular and irregular waves were generated at various wave steepness as shown 
in Figure 21 (a) and (b) respectively. The dots represent the test setting used, while 
various coloured solid lines represent various wave steepnesses. These wave 
conditions were selected to cover range of wave steepnesses with the limitation of the 
wave generator capability. The further detailed tested wave conditions along with the 
reference name are listed in Table 1 for the regular waves and Table 2 for the irregular 
wave conditions with T represents the wave period in regular wave condition and Tp 
represents the significant wave period in irregular wave condition. The irregular waves 
were generated using JONSWAP spectrum with a peak enhancement factor (γ) of 3.3.  
 
Figure 21 Wave conditions used for the experiments at various wave steepness for (a) Regular 








T [s] H [m] 
Reg01 3.0 0.26 
Reg02 3.0 0.39 
Reg03 3.0 0.52 
Reg04 3.0 0.65 
Reg05 3.0 0.78 
Reg06 4.0 0.40 
Reg07 4.0 0.60 
Reg08 4.0 0.80 
Reg09 4.0 1.00 
Reg10 4.0 1.20 
Reg11 5.0 0.67 
Reg12 5.0 0.81 
Reg13 5.0 1.07 
Reg15 5.0 1.61 
Reg16 6.0 0.67 
Reg17 6.0 1.00 
Reg18 6.0 1.33 
Reg19 6.0 1.67 
Reg20 6.0 0.34 
Reg21 3.0 0.20 
Reg22 3.0 0.15 
Reg23 3.0 0.10 
Reg24 4.0 0.20 
Reg25 4.0 0.15 
Reg26 4.0 0.10 
Reg27 6.0 0.20 
Reg28 6.0 0.15 
Reg29 6.0 0.10 




Tp [s] Hm0 [m] 
Irr01 3.0 0.26 
Irr02 3.0 0.39 
Irr03 3.0 0.52 
Irr04 4.0 0.40 
Irr05 4.0 0.60 
Irr06 4.0 0.80 
Irr07 5.0 0.54 
Irr08 5.0 0.81 
Irr10 6.0 0.67 
Irr11 6.0 1.00 
Irr13 4.5 0.26 




3.2 Small-scale test (University of Edinburgh) 
3.2.1 University of Edinburgh long wave flume 
The small-scale experiments were carried out in the 20 m long University of Edinburgh 
long wave flume as shown in Figure 22. The schematic of the flume is illustrated in 
Figure 23. The waves were generated using a flap-type wave maker with good 
absorption capability based upon force feedback control. The sloping foreshore was 
made using two 3 m long boards made of plastic and installed in two different 
elevations angle as indicated in the figure. Since the depth of the long wave flume is 
not geometrically similar with the GWK facility, several modifications need to be 
made such as changing the leading foreshore to be 1:10 and adding a second slope to 
maintain the water depth on the front wall of the chamber to be scaled correctly with 
the large-scale model.  It is also important to be noted that the dissimilarity in full 
water depth and in the foreshore angle may resulted in different wave conditions at the 
toe of the structure even though the nominal wave height and wave period are scaled 
down faithfully. For example, according to wave shoaling effect calculation proposed 
by Goda (2010), when the large- and small-scale wave period equal to 6s and 2s 
respectively, the wave height at the toe of the structure are about 1.17H and 1.12H for 
large- and small-scale respectively. Here H denotes the wave height measured on the 
deeper side of the flume or the nominal wave height.  
 




Figure 23 Schematic diagram of set up for small-scale tests. 
The wave paddle is capable of producing wave heights of up to 0.12m, and wave 
periods in the range of 0.5s to 3s. According to Airy wave theory, the wave occurred 
on the still water depth (h) of 0.7m is classified as transitional wave on the deeper part 
of the flume and shallow wave on the fore-slope part in front of the structure.  
3.2.2 Small-scale physical model 
The small-scale physical model is approximately 1:9 ratio to a single chamber in the 
large-scale model as shown in Figure 24 with T1-T8 indicate the location of pressure 
transducer and dimension is shown in mm. This ratio is selected to match the wave 
flume wave height and wave period generation capability and to ensure the incident 
wave experienced by the structure remains unaffected by the side walls of the flume. 
Because both the small-scale and the large-scale experiments are strictly 2-D, there is 
an assumption that the chamber widths are not important, and no attempt was made to 
replicate the GWK width at small scale. The cross-sectional dimensions are shown in 
Figure 25 in details with dimension shown in mm and the diamond mark indicates the 
location of the pressure transducer (PT). The small-scale model was made of clear 
perspex which as a typical Young’s Modulus range in between 2.7-3.3 GPa. The large-
scale physical model, on the other hand, was made of concrete with typical Young’s 
Modulus range in between 10-30 GPa. Because the stiffness can be scaled linearly, the 
small-scale model’s stiffness is enough to represent the large-scale model stiffness. 
Although the resonant frequency of both GWK and UoE structures was not measured 
directly, even under wave impact, no evidence of the structures’ oscillation could be 
discerned in the pressure transducer signals, indicating frequencies higher than the 
sampling frequencies of 1000 Hz for both large- and small-scale tests.  
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The model utilised pressure transducers (PTs) to measure the wave loads on the front 
wall, rear wall, and ceiling. Due to the limitation of space, only 3 PTs can be placed 
on the front wall: one PT placed 50 mm below the still water level and 20 mm above 
the front opening (T1), one PT placed on the still water level (T2), and one PT placed 
50 mm above the still water level (T3). As suggested by the conventional vertical 
breakwater pressure distribution, is it expected for the highest wave pressure to be 
located on the still water level (swl) and less above and below the swl.  This 
configuration was selected to get the representative pressure points of the pressure 
distribution which includes the highest-pressure point. The three pressure transducers 
located on the rear wall (T4-T6) are all below the swl in accordance to the water 
pressure distribution postulated by Preen and Robertshaw (2010). The last two 
pressure transducers (T7 and T8) are located on the centre of the ceiling to measure 
the chamber pressure. It is expected for the chamber pressure to be the uniform inside 
the chamber, so theoretically only one PT is needed. The location of the PT, however, 
can’t be placed on the centre of the chamber due to the orifice opening, so the PT has 
to be placed near the side wall. Due to this limitation, another PT is placed on the same 
lateral position but near the opposite chamber wall to ensure the uniformity of the 
chamber pressure measured.  
The physical model air chamber is 290 mm height, 285 mm wide, and 280 mm long, 
and equipped with an orifice opening installed in the centre of the ceiling. Similar to 
the large-scale model, the orifice opening plate can be changed. This allows multiple 
orifices plate diameter to be used to simulate different Power Take-Off (PTO) 





Figure 24 3-D image of the small-scale physical model used with dimension in mm and T 
indicates the pressure transducer location. 
  
Figure 25 Cross-section of the small-scale physical model used with dimension shown in mm. 
3.2.3 Power take-off simulation and instrumentations 
The experiments utilised 8 different orifice diameters ranging from 0 mm (fully closed) 
to 75 mm (fully open) to simulate the power take-off resistance. For simplification, the 
orifice size will be presented as the orifice:chamber area ratio percentage (Ao/Ac). 
Figure 26 shows the range of orifices used starting from: (a) 6.18%, (b) 3.95%, (c) 
2.22%, (d) 0.99%, (e) 0.44%, (f) 0.25%, (g) 0.11%, and (h) closed orifice (0%). It 
should be noted that the circular orifice area will have a quadratic connection between 
the chamber pressure generated and the diameter of the orifice, instead of the linear 




Figure 26 Photograph of the eight rectangular plates which can be selected for the roof of the 
chamber. 
To measure the wave height up to seven Edinburgh Designs resistance-type wave 
gauges were used. Three wave gauges were installed in front of the structure on the 
shallow part, and another three wave gauges were installed in the deeper part of the 
flume. The distance between the three wave gauges and the location of the wave 
gauges from the model were varied in accordance to the wavelength of each wave 
condition. Another wave gauge is installed at the middle of the small-scale model in 
order to measure the wave movement inside the chamber with the exception of closed 
chamber case. The in-chamber wave gauge was placed through the opening orifice, so 
it is practically impossible for the closed orifice to use the same method without 
compromising the airtight characteristics of the chamber. For the orifice diameter 
smaller than the wave gauge dimensions, two small holes with diameter of 5 mm was 
drilled. The gap area between the edge of the hole and the WG is very small relative 
to the orifice opening area, thus can be neglected.  
The wave height measurement was done twice, once without the model installed and 
another one with the model installed during experiment. When the model is removed, 
the wave gauge used to measure the water height inside the chamber is moved to the 
position of the front wall. This is necessary to measure the incident wave height 
without any wave reflection caused by the physical model. It needs to be noted, 
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however, there is still a minimum wave reflection from the slopping foreshore 
installed.  
Since the water level recorded is the water level on the shallow part of the water in 
front of the structure, the wave height recorded will be slightly different with the 
nominal water level on the setting. For all of the calculation in this thesis, the incident 
wave height will be utilised instead of the nominal wave height.  
The resistive type wave gauges will produce an output voltage as the measurement 
signals. This signal needs to be translated into water level by means of electrical 
voltage difference (ΔE) to water level difference (Δh) calibration. The calibration is 
done by recording the voltage output of the wave gauge at several known water levels. 
The recorded ΔE for each water level then plotted against the calculated Δh. Figure 27  
shows an example of the calibration result with the data points (solid circle) and the 
linear regression line (dotted line). The data shows a very good agreement between the 
data points and the regression. The calibration water level range was always similar 
with the measurement range for this study to ensure the accuracy of the water level 
measurement during experiment. The calibration was carried out at least once a day 
before the first test.  
 
Figure 27 Calibration results for the resistant-type wave gauge used for the experiment. 
The eight pressure transducers used for the experiment are the General Electric Druck 
sensing type PDCR 1830 pressure sensors. This type of PT has the maximum pressure 
measurement of 7.5kPa with pulse power excitation of 10ms. The maximum wave 
induced pressure anticipated in this investigation is below the limit capability of the 
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pressure transducer. According to the manufacturer’s data sheet, the sensors have a 
combined effect of non-linearity, hysteresis, and repeatability of 0.06% maximum for 
pressure measurement up to 7.5kPa which is higher than the pressure measured in 
current experiments.  
One problem encountered during the experiment is the position of the pressure sensor 
of the pressure transducer. The pressure sensor is recessed and the thread to fasten the 
sensor to the physical model was located on the outer side of the recessed wall. Figure 
28 shows the original design of the pressure transducer. The problem occurs when 
there is an air volume trapped in the flush while the incident wave hit the front wall or 
the rear chamber wall.  This condition leads to an uncertainty in the measured pressure, 
and at the same time will cause a vibration signal for the pressure data recorded due to 
the oscillation of the small pocket of trapped air. In the event of an impact, furthermore, 
the flush would protect the sensor from measuring the actual impact pressure which 
probably leading to an under-estimation of the actual impact pressure. A modification 
then had to be made in order to remove the flush and add a new thread. Figure 29 
show: (a) the modified pressure transducer and (b) when they are installed to the 
physical model’s wall. A small recessed is still visible, but no further modification can 
be made without risking damage to the pressure sensor. Because the outer front surface 
of the pressure sensors was positioned flush with the front wall surface, there is an 
unavoidable small gap, in the plane of the wall, around the circumference of the 











Figure 29 (a) The modefied pressure transducer with the pressure sensor exposed and protective 
flush removed and (b) when it was mounted on the front wall of the model. 
A common sealant tape is used to make sure there is no leakage between the pressure 
transducer and the structure’s mount. A leakage test is done before the actual 
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experiment is started. The leakage test was done by turning the assembled structure 
upside down and fill it with water. Figure 30 demonstrates the process. The test showed 
no water leakage on the chamber. Because the maximum in-chamber air pressure 
during operation is less than the water pressure acting on the ceiling surface during the 
leakage testing, it is safe to assume the chamber is airtight under closed chamber 
condition.  
 
Figure 30 Leakage testing of the small-scale physical model. 
To ensure the static pressure accuracy, the pressure transducers were calibrated by 
varying the water level in flume and positioned each pressure transducer in a specific 
location to measure the hydrostatic pressure of that particular position. The calibration 
then done by comparing the output voltage (ΔE) given by the transducers with the 
difference in hydrostatic pressure (Δp) given by different known water level.  Figure 
31 shows an example of one of the pressure transducer calibration result. Similar to 
the wave gauges, the calibration pressure range was also similar to the measurement 




Figure 31 Calibration example results for the pressure transducer. 
 
Figure 32 Pressure measurement example for the front wall at various elevation during the 
regular wave testing. 
Figure 32 shows an example of the front wall pressure measurement for a regular wave 
condition. In the figure, y-axis shows the pressure measurement in Pascal and x-axis 
shows the time in s. It should be noted that zero value indicates the still water level 
condition of all pressure transducer measurement. Since the middle and the top 
pressure transducer is located above the still water level (and on still water level), zero 
value means the atmospheric pressure when the test was carried out. The bottom 
pressure transducer, on the other hand, located below the still water level, so zero 
pressure indicates the hydrostatic pressure correspond to the location of the PT 
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(relative to the swl) and the negative pressure shown here means the water level at that 
particular time is below swl.   
An additional video camera was also deployed outside of the flume facing the structure 
from the side. Unlike the large-scale model, the small-scale is constructed with a clear 
perplex. The flume wall is also constructed with a clear glass. These materials enable 
the video camera to be placed outside the flume and the in-chamber water column 
condition visible in the recording.   
3.2.4 Tested wave conditions  
This experiment utilised two different sets of the wave condition; the regular wave 
conditions and the irregular wave conditions for a range of wave steepnesses as shown 
in Figure 33 for both (a) regular wave conditions (solid circle) and (b) irregular wave 
conditions (solid diamond). The irregular wave conditions were generated with 
JONSWAP spectra and peak enhancement factor (γ) equal to 3.3. The nominal wave 
conditions were selected to replicate the large-scale physical model test and includes 
the (nominal) wave steepnesses of sw = 0.01, 0.02, 0.03, and 0.04. Unfortunately, due 
to the limitation of the flap paddle wave generator, not all of the wave condition tested 
in the large-scale physical model test could be replicated, especially the one with 
higher wave height or longer wave period than the wave paddle capability. Table 3 








Figure 33 The wave steepness conditions used for the experiment for (a) regular wave (solid blue 





T [s] H [m] 
Reg01 1.01 0.03 
Reg02 1.01 0.04 
Reg03 1.01 0.06 
Reg04 1.01 0.07 
Reg05 1.01 0.09 
Reg06 1.35 0.05 
Reg07 1.35 0.07 
Reg08 1.35 0.09 
Reg09 1.35 0.11 
Reg10 1.35 0.09 
Reg11 2.03 0.08 
Reg12 1.69 0.09 
Reg13 1.69 0.12 
Reg16 2.03 0.08 
Reg17 2.03 0.11 
Reg20 2.03 0.04 
Reg21 1.01 0.02 
Reg22 1.01 0.02 
Reg24 1.35 0.02 
Reg25 1.35 0.02 
Reg27 2.03 0.02 
Reg28 2.03 0.02 





Tp [s] Hm0 [m] 
Irr01 1.01 0.03 
Irr02 1.01 0.04 
Irr03 1.01 0.06 
Irr04 1.35 0.05 
Irr05 1.35 0.07 
Irr07 1.69 0.06 
Irr10 2.03 0.08 
Irr13 1.52 0.03 




Both Pressure and wave height data were taken using National Instrument Data 
Acquisition system (DAQ). For the regular wave conditions, the sampling frequency 
was 2000 Hz in order to capture any impact pressures that may happen on the front 
wall and the back wall. All of the regular wave test uses the same recording duration 
of 90 seconds. This duration was chosen to make sure each test has at least five stable 
wave cycles.  
For the irregular wave condition, on the other hand, the observation was done for at 
least 1000 wave cycles. The duration of the recording varies depending on the 
significant wave period, so it varies between 15 minutes to 27 minutes. The sampling 
rate for the irregular wave condition it is limited to between 500 Hz and 1000 Hz 
depending on the period of the recording due to limitation on the recording and 
processing memory. It is understood that lowering the sampling rate may increase the 
risk of not capturing the maximum impact pressure should the corresponding impact 
rise time is faster than the frequency of the recording. Figure 34 shows an example for 
the highest impact rise time in this experiment recorded. The x-axis shows the time in 
seconds and the y-axis shows pressure measurement in pascal. In this example the rise 
time is measured to be 0.0086s which is more than twice the sampling interval of 
0.004s (500 Hz), thus fulfilling the Nyquist criterion. It is safe to say that 500 Hz is 
enough to capture the impulsive pressure during this test. The DAQ system is shown 
in Figure 35 with [1] showing the Pressure Transducer connector, [2] showing the 
National Instrument Data Acquisition System, and [3] showing the Edinburgh Design 




Figure 34 Pressure measurement on the still water level of the front wall with Tp = 2.01s and Hm0 
= 0.08m. 
 
Figure 35 The Data Acquisition System used for both the wave gauges and pressure transducers 
measurement: (1) pressure transducer connector, (2) National Instrument® Data Acquisition 
System, and (3) Edinburgh Design® wave gauge box. 
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3.3 Force calculation consideration and method for measurement 
results 
The force calculation used in this study is a conservative model with the pressures 
acting seaward on the inside of the front wall are not considered. These pressures will 
be small compared to the landward front wall and rear wall pressures, and in any case, 
would reduce the sliding and over-turning moment of the structure, thus improving the 
structure stability. The areas included in the force acting on the structure are illustrated 
by the blue arrows in Figure 36.  
One wave cycle is defined using zero-up crossing method as illustrated in Figure 37. 
This method assumed a single wave cycle to start when the water level rises up from 
the still water level from below. It then ends when the water reaches the still water 
level from below. Model validation in regular and irregular seas will be done 
separately but using the same methodology. 
The force calculation for the model is done using a 2D integrated pressure method. 
The experimental force, on the other hand, will be calculated using centred rectangle 
method. This method assumes a pressure measurement at the transducer location to be 
representative of the pressure over an associated area. The scheme is illustrated in 
Figure 38, with the integrated pressures (i.e. contributing forces) (Fmeas) for N number 
of sensors calculated using Equation 5. The rear wall force calculation uses the same 
method as used for the front wall.  
There are two ways to explore and quantify forces for design, both of which could be 
interesting. The first way is to calculate the integrated pressure at each time step to 
give a time history of total forces on the rear wall and ceiling. The second way takes 
the worst-case approach using the maximum pressure identified for each pressure 
transducer location (which will not in general be simultaneously experienced). These 
forces then integrated to give the maximum imaginable forces on the rear wall and 
chamber ceiling.  
𝐹𝑚𝑒𝑎𝑠 = ∑ 𝐹𝑛
𝑁
𝑛=1 = ∑ (𝑋𝑛 − 𝑋𝑛−1)𝑝𝑛
𝑁
𝑛=1                                (5) 
Here pn denotes the pressure measured at the location Xn. For the large-scale test 
example, N is equal to 5 for the front wall and the front wall higher than X5 is not 
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considered for the for calculation. For the rear wall, N is equal to 5 and X5 is equal to 
the chamber ceiling. For the small-scale’s front wall, N is equal to 3 and the front wall 
higher than X3 is not considered. For the rear wall, N is also equal to 3 and since the 
PTs are only positioned below the still water level, X3 is equal to swl.  
 
Figure 36 The area considered for the force calculation, the area of the front wall facing the 
chamber is not considered. 
 




Figure 38 The interval calculation for the rectangular integrated pressure method. 
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4 In-chamber wave loading and air chamber pressure 
conceptual model and validation 
There are wide and trusted literatures that discuss the pressure distribution of a 
conventional vertical breakwater against sliding or overturning due to wave loads. For 
OWC installed breakwater, however, there is no such established method in the 
literature. Additionally, there is almost no literature exploring the pressures inside the 
OWC chamber. A prediction tool for the loadings experienced by an OWC caisson 
must in addition contain a prediction tool to give practical and conservative estimates 
of the pressure distributions which occur inside the chamber such as on the rear wall 
and on the ceiling. Only with all of these can the whole structure of OWC installed 
breakwater be designed for stability.  
This chapter introduces a prediction model to enable the estimation of the pressure 
distribution on the real wall and the caisson ceiling. The starting point is the 
development of a conceptual model for these forces based upon physical rationale, in 
turn based upon established methods. For this model, the water column is assumed to 
be well behaved without sloshing, and the water level inside the chamber is assumed 
never to reach down to the ‘lip’ of the front wall, i.e. no ‘venting’ occurs. The pressure 
acting on the inside of the front wall curtain will have an opposite direction with the 
pressure acting on the rear wall, so it is safe to assume that calculating this pressure 
can only increase the stability of the overall structure. This condition allows the 
conceptual model to add a degree of safety by removing the pressure estimation acting 
on the inside of the curtain wall from the integrated pressure (force by metre run 
equation). 
The conceptual model for in-chamber pressure estimation is described in the following 
sub-sections. 
4.1 Proposed model and definition 
Goda (2010) presents an estimation method for design wave loads for a conventional 
vertical breakwater. The conceptual model proposed in this section adopts the Goda 
pressure estimation method as the starting point of the calculation. FGoda is taken as 
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the force estimation acting on the front wall of an ordinary breakwater calculated using 
Goda (2010). The pressure occurring on the rear wall of the OWC chamber then can 
be postulated as a result of a wave momentum transmitted under the front wall of the 
structure. This situation is therefore closely similar to the situation of a skirt breakwater 
as shown in Figure 39. As can be seen from the figure, the breakwater in this case does 
not reach the local seabed. This situation is not dissimilar with the water before and 
after the front wall of an OWC installed breakwater structure and is therefore used as 
a tentative basis for the conceptual model.    
Kriebel & Bollman (1997) introduced a transmission coefficient (Kt) for the skirt 
breakwater. The method calculates Kt based on the in-chamber water depth (d), wave 
length (L), and the submergence depth of the front wall (skirt) into the water (w). The 
Kt calculation is adopted in this conceptual method, given by Equation 6 and 7 with 
w/d defined as the wall penetration factor. In accordance to Kriebel & Bollman (1997), 
the wall penetration factor is only considered up to 0.9, because it is assumed that at 
higher factor, no wave momentum will be able to pass through the wall opening as if 
the chamber is fully shut. On the contrary, the wall penetration factor less than 0.3 is 
considered to have a negligible effect to the transmitted wave momentum as if the front 
wall does not exist. In summary, the calculation processes can be seen in Figure 40. 
 





≤ 0.3 →      𝐾𝑡 = 1                                              (6) 
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0.3 <  
𝑤
𝑑
≤ 0.9   →    𝐾𝑡 =  
0.81−0.7(𝑤 𝑑⁄ )
0.6
                               (7) 
𝑤
𝑑
> 0.9 →      𝐾𝑡 = 0         (x) 
 
Figure 40 The flowchart of proposed model calculation process. 
If Frw is taken as the total transmitted force, then the relationship between FGoda and 
Frw can be expressed using Equation 8.  
𝐹𝑟𝑤 = 𝐹𝐺𝑜𝑑𝑎. 𝐾𝑡                                                        (8) 
Because Equation 7 only estimates the total transmitted force acting on the rear wall 
of the OWC chamber, the next step is to postulate the pressure distribution acting of 
the rear wall of the OWC chamber. This pattern may change significantly depending 
on the power take-off (PTO) resistance. A realistic resistance, however, should lie 
between the two extreme conditions of a closed OWC chamber (100% PTO resistance) 
and a fully open chamber (0% PTO resistance). It is practical and useful to discuss 




Calculate the integrated Goda (2010) 
wave pressure estimation  
Apply transmission coefficient by 
Kriebel & Bollman (1996) Eq. (12) 
Explore for case(s) of 
interest 
Operating Condition  
see Sub-chapter 4.1.3 
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initially these extremes in 4.1.1 for closed chamber and 4.1.2 for fully open chamber. 
After this, an intermediate “operating condition” is explored in 4.1.3. 
4.1.1 Closed chamber condition 
The fully closed chamber means there is no air movement into or out of the chamber, 
with the consequence that water movement into or out of the chamber is minimal, 
depending on the air compressibility characteristics inside the chamber. As a result, it 
can be anticipated that this closed condition will result in the highest chamber 
pressures. Whilst air is inherently compressible, the hydraulic forces in small-scale 
tests are very small in absolute terms so the air in the (model) OWC chamber will be 
very stiff relative to the (model) wave forces. In effect, small scale air can be treated 
as incompressible (Weber, 2007, Dimakopoulos et al. 2017). The motion of water level 
within the chamber is minimal and can therefore be assumed to be stationary. Because 
the in-chamber water is not moving into or out of the chamber, pressure variations due 
to velocity and cyclical / rotational motions that would create a non-uniform 
distribution are not expected to occur. Hence the wave pressure will transmit as an 
increment to the hydrostatic pressure at still water level and will be uniform in both air 
and water phases, giving a rectangular pressure distribution for the transmitted force 
(Frw) acting on the rear wall as shown in Figure 41.  
Here FGoda denotes the front wall integrated pressure explained in the previous sub-
section. Since the chamber pressure (relative to atmosphere) is driven by the dynamic 
water pressure, the chamber pressure will therefore be the same as the water pressure. 
Due to these similarities, the water pressure inside the chamber, denoted by pc, can be 
calculated using Equation 9. 
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Figure 41 The pressure distribution schematics for the closed chamber case. 
(𝐹𝑟𝑤)𝑐𝑙𝑜𝑠𝑒𝑑 =  𝐾𝑡 . 𝐹𝐺𝑜𝑑𝑎 =  𝑝𝑐𝑑                                        (13) 
4.1.2 Open chamber condition 
The other extreme condition of the system is the fully open condition. In this case, air 
damping in the chamber will be zero and pressures inside the chamber will remain 
very close to atmospheric. This condition, then, allows the water inside the chamber 
to move freely up and down depending on the transmitted wave height without any 
chamber pressure being generated. Since water motion will only be driven by the wave 
height transmitted into the caisson. The conceptual model takes the pressure 
distribution inside the chamber to be similar to the pressure distribution on the front 
wall. The pressure distribution on the rear wall for the fully open case is illustrated in 
Figure 42 together with annotations showing key parameters. The distribution follows 
the Goda distribution with the pressure loss due to wall penetration incorporated in the 
calculation. In this model, Htr which denotes the transmitted wave height is introduced 
in Equation 10. Equation 11 and 12 define the coefficients αswl and αbot to calculate the 
pressure acting on the still water level (Pswl) and the pressure acting on the rear wall 
bottom of the chamber (Pbot). The pressure at the still water level (Pswl) and the pressure 
at the bottom of the rear wall (Pbot) are given by Equations 13 and 14. The elevation 
to which the pressure distribution due to the transmitted wave extends is denoted by 
ηtr, calculated using Equation 15.  
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𝐻𝑡𝑟 =  𝐻𝑚𝑎𝑥 𝐾𝑡                                                                 (10) 
𝛼𝑠𝑤𝑙 = [0.6 + 0.5 (
4𝜋ℎ 𝐿⁄
sinh (4𝜋ℎ 𝐿⁄ )
)
2











}]                             (11) 






]                                                     (12) 
𝑃𝑠𝑤𝑙 = 𝛼𝑠𝑤𝑙  𝜌𝑤 𝑔 𝐻𝑡𝑟                                                           (13) 
𝑃𝑏𝑜𝑡 =  𝛼𝑏𝑜𝑡 𝑃𝑠𝑤𝑙                                                               (14) 
𝜂𝑡𝑟 = 1.5 𝐻𝑡𝑟                                                                 (15) 
Here h denotes the still water depth of the incoming wave in front of the structure, L 
denotes the deep-water wave length, and hb denotes the water depth at 5H seaward of 
the structure.   
 
Figure 42 The pressure distribution schematics for the fully open chamber case 
Based on the pressure distribution, Equations 13, 14 and 15 can be substituted to 
Equation 7 to give an expression for the total force on the rear wall, for fully open 
chamber (Equation 16). 
(𝐹𝑟𝑤)𝑜𝑝𝑒𝑛 = 0.5((𝜂𝑡𝑟 + 𝑑)𝑃𝑠𝑤𝑙 + 𝑑𝑃𝑏𝑜𝑡)                                 (16) 
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4.1.3 Operating condition 
As mentioned earlier, the “operating condition” indicates the condition where a power 
take-off resistance is considered and lies between the two extremes – open and closed 
– already modelled. Because it lies between the two extremes (0% < PTO resistance< 
100%), the pressure distribution is also imagined to be an intermediate condition 
between the two. If the proportion of the closed chamber in the whole transmitted 
integrated pressure (Frw) is denoted by P (with 0 ≤ 𝑃 ≤ 1), then the Frw pressure 
distribution for this operating condition can be modelled as (Frw)operate (Equation 17). 
(𝐹𝑟𝑤)𝑜𝑝𝑒𝑟𝑎𝑡𝑒 = 𝑃(𝐹𝑟𝑤)𝑐𝑙𝑜𝑠𝑒𝑑 + (1 − 𝑃)(𝐹𝑟𝑤)𝑜𝑝𝑒𝑛                           (17) 
This equation combines both extreme conditions with the first term on the right hand 
representing the closed chamber pressure distribution and the second term on the right-
hand side represent the open chamber pressure distribution. Note that the assumption 
of fixed chamber water elevation in Equation 8 is no longer applicable in the operating 
case, so the elevation ηtr needs to be included for the closed chamber influence. This 
adjustment makes the full pressure distribution in operating condition (Equation 18) 
with the adjusted ηtr being Equation 19. 
(𝐹𝑟𝑤)𝑜𝑝𝑒𝑟𝑎𝑡𝑒 = 𝑃(𝑝𝑐(𝑑 + 𝜂𝑡𝑟))  +   0.5(1 − 𝑃)((𝜂𝑡𝑟 + 𝑑)𝑃𝑠𝑤𝑙 + 𝑑𝑃𝑏𝑜𝑡)         (18) 
𝜂𝑡𝑟 = {
0, 𝑖𝑓 𝑃 = 1
min(1.5 𝐻𝑡𝑟 , ℎ𝑐) , 𝑖𝑓 0 ≤ 𝑃 < 1
                                    (19) 
Here hc denotes the height of the chamber ceiling, since the water column surface 
elevation will not be able to exceed the chamber ceiling elevation.  The proportion 
coefficient (P) varies depending on the air damping characteristic of the OWC 
chamber, which is ultimately related to the PTO resistance. A highly simplified 
relationship between the proportion coefficient P with the air damping characteristic 
can be imagined as that shown in Figure 43. According to this definition for this 
conceptual model, P = 1 means the chamber can be considered to be in a closed 
condition and P = 0 means the chamber can be considered to be fully open. 
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Figure 43 The P coefficient expected relation with the air damping characteristics divided into 
three zone: (a) the air damping reduction is small enough to be neglected with P = 1, (b) the air 
damping reduced toward zero leading to the chamber pressure reducing considerably with 
P=f(Air damping), and (c) the air damping is small enough to be considered as fully open with 
P=0. 
Figure 44 (a) – (e) show the schematic diagrams of the pressure distribution on the rear 
wall of an OWC chamber formed in a vertical breakwater, with P ranging from 1, 0.75, 
0.5, 0.25, and 0 respectively. The diagrams are schematics only but are intended to 
show the way in which the pressure distribution reconfigures, moving from closed 
chamber to fully open via a smooth transition through the “operating” region.    
 
Figure 44 The pressure distribution schematics for the operating condition case at various 
proportion coefficient P values. Opening sizes exaggerated for illustrative purpose. P=1, 
subfigure (a) illustrate closed chamber, P=0 (e) illustrate fully open chamber, and (b) – (e) 
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4.2 Validation for regular wave conditions 
To validate the proposed model, the large-scale physical model results are utilised. The 
large-scale model is selected because it is closer to how a prototype design act compare 
to the small-scale physical model and the wave generator for the large-scale 
experiments was able to produce a wider range of wave conditions. The measured 
force is calculated as described in Chapter 3.3. 
4.2.1 Closed chamber condition 
The effectiveness of the model is explored in Figure 45 in which the ratio of 
measured:predicted pressures, (pc)measured : (ppredict), for the fully closed chamber is 
plotted over the range of the wave steepnesses tested. Pressure transducers P6 and P7 
at the chamber ceiling are averaged and used for the pressure comparison. Different 
symbols represent different wave periods. The solid line here represents perfect 
agreement, so that points above the line are unsafe (under-estimation) and the points 
below the line are safe (over-estimation). The agreement is generally very 
encouraging, with all data lying within a factor of approximately 1.25 of the 
predictions.  
Moving from the pressures to the forces, Figure 46 shows the ratio of the measured 
forces to those predicted by the model. As expected, the results do not differ too much 
from the those for the pressures because this case assumed that the momentum from 
the incident wave is transmitted instantaneously to the rear wall and distributed 
uniformly on the rear wall, as proposed in Sub-section 4.1.1. Although there a few 
more points above the line (unsafe), all data is still within the factor of 1.25. These 
results give confidence in the model for the fully closed condition.  
Figure 47 (a)-(c) illustrate pressure distributions acting on the rear wall for the model 
(solid line) and the measurements (solid circles). Here pressures are plotted against the 
vertical elevation of the corresponding pressure transducer. As expected, Figure 47 (a) 
and (b) show that the calculated pressures don’t differ too much from the 
measurements because this case assumed that the momentum from the incident wave 
is transmitted instantaneously to the rear wall and distributed uniformly on the rear 
wall (Section 3).  Figure 47 (c), on the other hand, shows a conservative model 
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prediction for the higher wave steepness sea condition (Reg08). These give confidence 
in the model for the fully closed condition. 
 
Figure 45 The chamber pressure ratio between the measurement and the model prediction at 
various wave period for closed case and regular waves, solid line represents the prediction 
model. 
 
Figure 46 The total force acting on the structure ratio between the measurement and the model 
prediction at various wave period for closed chamber and regular waves, solid line represents 
the prediction model. 
 








Figure 47 Measured (bullet point) and predicted (solid line) distributions of pressure maxima, 
for closed case; regular waves; (a) Reg01, (b) Reg05, and (c) Reg08, solid line represents 
prediction model. 
4.2.2 Fully open chamber condition  
Under the fully open condition, the chamber pressure remains very close to 
atmospheric pressure, so there is no value in investigating the chamber air pressures. 
The biggest orifice opening in the experiment is 0.3 m (2.0%) and the fully open 
condition is expected in this ratio. In order to separate the cases which can be 
considered as fully open a discrimination method need to be employed. The 
discrimination is done by calculating the chamber pressure increase rate in [kPa/s]. 
This is calculated by dividing the maximum pressure chamber measured by the 
pressure rise time (from atmospheric pressure to maximum – about ¼ of the wave 
period). Plotting the pressure rise rates against wave steepness gives Figure 48. As can 
been seen, every case above a pressure rise rate of 1.5 kPa/s (red line) is considered in 
the operating condition. Based on the figure, it can be inferred that if the wavelength 
is long enough, and the wave height is relatively low, the air inside the chamber can 
flow out of and into the chamber without raising and lowering the chamber pressure. 
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This no pressure change assumption may not hold for steeper wave conditions, so it is 
important to differentiate which of the cases may be treated as fully open and which 
should instead be considered as in “operating condition” 
 
Figure 48 The pressure chamber increase rate for the 2.00% orifice to chamber ratio case, 
regular wave, solid red line represents the cut-off line.  
Five of the total 12 cases tested in this opening condition have chamber pressure 
increase rate above the cut-off line and excluded from further analysis in this sub-
chapter. For the conditions identified as ‘fully open’ the force ratio between the 
measured and the predicted force are plotted in Figure 49. It can be seen that the model 
works best for lower wave steepnesses (predictions to within a factor of 1.2). For the 
steeper wave conditions, the model gives safe prediction by factors ranging from 0.7 
to 0.4. The discrepancy between the measurement and the prediction can occur because 
in the steeper wave condition, the in-chamber pressure may build up because the 
orifice opening is not large enough to allow the air flow smoothly out and into the 
chamber. This chamber pressure generation may affect the force acting on the rear wall 
resulting in the pressure measured located in the safe-zone, below the prediction line.  
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Figure 49 The total force acting on the rear wall of the structure ratio between the measurement 
and the model calculation at various wave conditions for fully open case, regular wave, solid line 
represents the prediction model. 
The maximum measured pressure at each vertical elevation is now compared with the 
pressure estimated by the model at the corresponding vertical elevation on the rear 
wall (Figure 50). In the figure, the different data sets show the measured to predicted 
pressure ratio for different regular waves, with the wave steepness shown in the 
brackets. The solid line represents perfect agreement with the model. The points 
located on the right side of the line are under-estimations (unsafe) and the points 
located on the left side of the line are over-estimations (safe). The data shows that the 
measurement mostly fell in the 1±0.2 factor region to the model except for the highest 
wave steepnesses (Reg03 with 4% wave steepness and Reg05 with 6% wave 
steepness).  
Figure 51 (a)-(g) show example pressure maxima distributions from measured data 
and model predictions on the rear wall with waves Reg01, Reg03, Reg05, Reg06, 
Reg11, Reg16 and Reg20 respectively. In the figure, subfigures (a) and (d) show cases 
where the models are in excellent agreement with the measurement, while (b), (c), (e) 
and (f) shows a safe prediction by a factor between 0.45 to 0.7 in the maximum 
pressure. Figure 4.20 (g) shows the example where the measurement is located on the 
un-safe prediction with an under-estimation by a factor of 1.15, although the pressure 
pattern still matched the prediction well.  
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Figure 50 The rear wall pressure ratio between the measurement:prediction at various wave 


















Figure 51 The rear wall measured pressure at various elevation, solid line represents prediction 
mode, regular wave, fully open case: (a) Reg01, (b) Reg03, (c) Reg05, (d) Reg06, (e) Reg11, (f) 
Reg16, and (g) Reg20. 
4.2.3 Operating chamber condition 
In the “operating condition”, the orifice opening of the caisson chamber was changed, 
simulating the power take off resistance during operation. The model is validated using 
multiple orifice openings. Although in reality the location of the orifice opening and 
the shape of the orifice might have a minor role, the air chamber pressure will mainly 
be affected by the orifice area relative to the chamber cross-sectional area. For the 
purpose of simplicity, it is assumed that only this ratio determines the PTO influence 
on the chamber pressure. This assumption along with the simplification between the 
air damping characteristic and the proportion coefficient (P) introduced in Section 2.4, 
resulted in an empirically derived Equation 20. 
𝑃 = 𝑓 (
𝐴𝑜
𝐴𝑐
) = 1 − 45.55 (
𝐴𝑜
𝐴𝑐
)                                                                   (20) 
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Figure 52, Figure 53, and Figure 54 show the ratio of measured to predicted chamber 
pressures against the wave steepness, wave height, and wave period respectively. The 
model validation includes the test results for 0.06%, 0.22%, and 0.88% orifice to 
chamber area ratio as explained in Section 3, and the 2.00% ratio that considered to be 
in operating condition as explained in Section 4.1.2. It is clear that wave period is less 
significant in influencing the change of pressure chamber measured:predicted chamber 
pressure ratio. From the results, it can be inferred that the prediction is safe for the 
higher wave height. This may happen because of the momentum loss during the water 
level movement inside the chamber is neglected in the model. It is also notable that 
higher and steeper wave conditions have a higher likelihood of ‘sloshing’ occurring 
within the chamber which will be discussed further in Chapter 5.   
In addition to the chamber pressure comparison, Figure 55 shows the pressure 
distribution of both measurements (solid circle points) and model (solid line) for 
various wave conditions for the 0.88% orifice to chamber ratio. The pressure plotted 
in these figures has the chamber pressure subtracted at every time step leaving only 
the pressure induced by the motion of the water. Figure 55 (a), (c), (f), (n), and (o) 
show a very good agreement between the measurement and the model. Figure 55 (b), 
(e), (g), (h), and (m) show rather less good agreement, but still to within a factor of 0.6 
(a safe prediction). Figure 55 (j) and (k) show an interesting feature where the 
pressures change dramatically over the vertical water level. The maximum pressure 
acting near the still water level is however similar with the model, to within factor of 
0.72 to 0.76. This unusual pattern may happen because the water surface is sloshing 
during the experiment, while the model assumes the water surface to be well behaved, 
like a water piston. Figure 55 (d) and (l) show the model giving quite significant over-
estimations (a factor of 0.3 to 0.4 between model and measurements). Nevertheless, 
almost all of the data show a safe prediction. 
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Figure 52 Measured:predicted chamber pressure against the wave steepness, operating 
condition, regular waves, solid line represents prediction model. 
 
Figure 53 Measured:predicted chamber pressure  against the wave height, the operating 
condition, regular wave, solid line represents prediction model.  
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Figure 54 Measured:predicted chamber pressure against the wave period, operating condition, 
regular waves, solid line represents prediction model.  
4.2.4 Vertical force on the chamber ceiling 
Unlike an ordinary breakwater, an OWC breakwater has a pressure acting on the 
ceiling of the chamber within the caisson. This pressure leads to a vertical force which 
contributes to lowering the threshold for sliding (by reducing the available friction) 
and also contributes to the overturning moment of the complete structure. It is therefore 
important for the model to estimate the ceiling vertical force. Only the positive 
(upwards) force acting on the ceiling will be explored and validated because the 
negative force will always result in the structure being in a safer state against sliding 
and overturning. The success of the model is evaluated in Figure 56 where the 
measured to predicted vertical force ratio is plotted over the range of wave heights for 
the closed chamber condition. It can be seen that the model accurately predicts the 
measured vertical force to within a factor of 1 ± 0.2.  
Since the maximum chamber pressure will be experienced in the closed chamber case, 
it is assumed that the biggest vertical force will also occur during the closed chamber 
experiments and only this case is plotted. Figure 57, which shows the ratio of the 
measured vertical forces in the closed and operating conditions, supports this assertion. 
The fully open condition is not included in this figure because it is assumed to have 
zero chamber pressure. As predicted, the ratio decreases as the orifice opening gets 
bigger. Note that some of the 0.06% orifice cases are located above the line of perfect 
agreement. This may be because the orifice to chamber area ratio is very small (0.06%) 
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making the difference between the closed chamber and the operating condition 
negligible, especially for the larger wave height conditions.  
When compared to the total horizontal force, the vertical force for the regular wave 
conditions is always less by a factor of approximately 0.78 times. This result is in line 
with the suggestion of the previous research (Ashlin et al., 2017).  
 


































Figure 55 (a) – (o) Measured pressure distributions acting on the rear wall at various vertical 
elevation, regular wave, solid line represents the prediction model, and various wave conditions: 
(a) Reg01, (b) Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) Reg08, (i) Reg11, 
(j) Reg12, (k) Reg13, (l) Reg16, (m) Reg20, (n) Reg23, (o) Reg24. 
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Figure 56 Caisson chamber vertical force ratio measured:predicted ratio against the wave 
height, closed chamber case, regular waves, solid line represents the prediction model. 
 
Figure 57 Caisson chamber vertical forces ratio between the closed chamber case and the 
operating condition orifice cases for regular waves 
4.3 Result and analysis for irregular wave test 
For Rayleigh-distributed wave heights, the maximum wave height will be 
approximately 1.8 times the significant wave height for a sequence of 1000 irregular 
waves. A simple approach to adjusting the conceptual model is therefore to multiply 
the significant wave height by this factor of 1.8. This change will affect integrated 
pressure on the front wall (FGoda) calculation in Equation 9 for closed chamber, 
Equation 16 for the fully open chamber, and Equation 18 for the operating condition. 
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Due to the required test lengths, rather fewer experiments for the irregular case were 
carried out so the validation data set is sparser than for the case of regular waves.  
4.3.1 Closed chamber condition 
The ratio between the maximum measured to predicted chamber pressure is presented 
in Figure 58 in the usual way.  
 
Figure 58 The Chamber pressure ratio measured:predicted at various irregular wave periods 
and wave steepnesses for closed chamber case, irregular waves 
It is clear that the model fits quite well with the measurements especially for the lower 
wave steepness, where the measured/predicted ratio is 1 ± 0.1. For higher waves, the 
prediction factor is about 0.6 to 0.8, all falling in the safe zone. 
4.3.2 Fully open chamber condition 
First, it is necessary to distinguish, carefully, the tests which are truly in an ‘open 
condition’ from those still located in the ‘operating condition’. The method used to 
distinguish these cases for regular waves – discriminating on the chamber pressure 
increase rate – cannot be applied straightforwardly here. If the maximum pressure is 
considered, then most of the tests would be defined to be in the ‘operating condition’. 
Instead, 𝑝1/250, equal to the mean of 4 largest pressure maxima of the individual 
events, is used as the basis for the pressure increase rate measure. Figure 59 shows the 
pressure increase rate of each cases and the pressure increase rate higher than 1.5 kPa/s 
is considered as operating chamber condition and excluded in this analysis.  Figure 60 
shows the ratio of the measured rear wall force and the force calculated by the model 
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for the cases which the 𝑝1/250 increase rate suggests fully open conditions (< 1.5 
kPa/s). 
 
Figure 59 Pressure increase rate for irregular wave conditions plotted against significant wave 
height, Hm0. The pressures increase rate is based upon the P1/250, solid red line represents the 
cut-off rate. 
 
Figure 60 rear wall force measured:predicted ratio for various irregular wave conditions, fully 
open case, irregular waves, the solid line represents the prediction model.  
Note that the x-axis shows the significant wave height because all of the data shown 
has the same wave steepness of 2%. The model generally overpredicts the 
measurements, with the comparison factor of about 0.6. Since the maximum pressure 
acting on the rear wall depends upon the vertical location, it is important to see how 
well the model predict the pressure distributions on the rear wall. Figure 61 (a) – (c) 
shows the comparison between the model (solid black line) and the (non-simultaneous) 
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maximum measured pressure distribution, with the irregular wave cases Irr01 (a), Irr04 







Figure 61 Measured rear wall pressure distributions (circle) and the model prediction (solid 
line), for fully open case for; (a) Irr01, (b) Irr04, and (c) Irr07. 
As can be observed from Figure 61, the measured pressure maxima are still mostly 
well-predicted, and with the exception of that in Figure 61 (c), slightly on the safe side. 
The total force prediction for this case, however, is still safe. This effect is evidenced 
in detail in Figure 62 which shows the associated ‘sloshing’ (a) the instant of the 
pressure maximum, and (b) immediately afterwards. It is clear that the in-chamber 
behaviour is far from an idealised up and down oscillation, but instead, the water 
located near the rear wall is observed to run up the rear wall very rapidly, before hitting 
the ceiling. The water mass is then reflected to the front part of the chamber. For the 
underpredicted case, the very steep gradient in the measured pressure distribution 
could be due to water column moevement in the chamber during experiment. The in-
chamber water column behaviour, including violent motion, will be explored in more 
detail in Chapter 6 in this thesis.  
 





Figure 62 (a) At the instant of violent in-chamber water column movement and (b)immediately 
after. Irregular waves (Irr07). 
The water surface movement can be compared with the well-behaved oscillation taken 





Figure 63 The negative (a) and the positive (b) water movement of Irr01 irregular wave 
conditions. The still water level is located at 0.73 m level on the painted scale visible. 
4.3.3 Operating chamber condition 
Figure 64 shows the ratio of maximum measured chamber pressure to the prediction, 
plotted against the wave steepness. It can be seen that that in these ‘operating 
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conditions’ in irregular waves, the model predictions are on the safe side, within a 
factor of 0.8 ± 0.2. 
 
Figure 64 Measured to predicted chamber pressure ratio, operating conditions, irregular wave 
conditions, solid line represents the prediction model. 
These validation results give confidence that the loading model works very well in 
estimating the non-impulsive in-chamber wave loads acting on the rear wall and the 
chamber pressure generated (including the vertical force acting on the in-chamber 
ceiling).  
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5 OWC installed vertical breakwaters: impact loads on front 
face and in-chamber 
Since previous chapter focused only on the in-chamber non-impulsive wave loads for 
design of an Oscillating water column (OWC) formed in a vertical breakwater, this 
chapter will explore the impact wave loads experienced by both the front wall and the 
in-chamber wall of the structure. The experimental measurement will be compared to 
prediction based upon established methods for vertical breakwaters. Sub-chapter 5.1 
will explore the wave loads experienced by the front wall, the sub-chapter 5.2 will 
focused on the in-chamber wave loads, and finally the in-chamber water column 
behaviour will be characterised in sub-chapter 5.3.  
5.1 Front wall wave loads and impact 
 Adding an OWC chamber inside a vertical breakwater would be anticipated to affect 
the wave loads experienced by the front wall of the structure. This may include both 
the non-impulsive wave pressure and any impact wave pressures experienced by the 
front wall. This chapter explores the commonly used front wall pressure and force 
design tools for a conventional vertical breakwater and then compare the results with 
the large-scale measurement data introduced in the previous chapter.  
5.1.1 Front wall non-impulsive loads 
A non-impulsive or pulsating load is a slow acting wave load produced by a non-
breaking wave. To estimate the pressure received by a vertical breakwater, Yoshimi 
Goda (Goda, 2010) proposed formulae based on the elevation to which the wave 
pressure is exerted (η), significant wave height (Hm0), and significant wave period (Tp) 
of the wave condition as shown in Equation 21 to 23. 




(1 + cos 𝛽)(𝛼1 + 𝛼2𝑐𝑜𝑠
2𝛽)𝜌𝑤𝑔𝐻𝑚𝑎𝑥    (22) 
𝑝3 = 𝛼3𝑝1        (23) 
Here p1 is the non-impulsive water pressure at still water level (swl) and p3 is the water 
pressure at the bottom of the breakwater, and Hmax is the maximum incident wave 
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height and can be taken as approximately 1.8Hm0 based on the individual wave height 
Rayleigh-distribution. The α1, α2, and α3 coefficients can be calculated by Equation 
24, 25, and 26 respectively. The symbol g denotes the gravity and ρw denotes the water 
density. Finally, β denotes the angle between the direction of the wave and a line 
normal to the breakwater. 








     (24) 









}    (25) 






]     (26) 
Here h denotes the full water depth, d denotes the water depth from swl to the bottom 
of the breakwater, hb denotes the water depth at 5Hm0, and L denotes the deep-water 
wave length associated to the significant wave period Tp (where L = (gTp2)/2π). The 
pressure distributions are shown in Figure 65 with the highest pressure located at the 
still water level (swl).  
 
Figure 65 Pressure distribution adopted from Goda (2010). 
Figure 66 show the average of four biggest pressure measured on the front wall 
(𝑝1/250)front for (a) Hm0= 0.26m and Tp= 3s; (b) Hm0=0.39 Tp=3s; (c) Hm0=0.54m and 
Tp=3s; and (d) Hm0=0.26 and Tp=4.5s. The solid line represents the estimation 
calculated using the techniques mentioned above, and the measured data points are for 
orifice:chamber area ratio of closed (orange circle), 0.10% (grey rectangular), 0.20% 
(yellow diamond), 0.88% (blue triangle), and 2.0% (green star). The estimation line is 
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stopped at water elevation equal to -0.7m because that is the end of the front wall 
penetration. As can be seen, the incorporation of the chamber, especially with open 
orifice, may be resulted in less wave pressure on the front wall. This condition become 
more profound in a higher wave height and wave period as shown in Figure 66 (c). 
This can be explained because under very high wave condition, the water column 
inside the chamber may experience a lot of turbulence which resulted in enhanced 
dissipation of momentum and consequent reduction of wave loads acting on the in-









Figure 66 Non-impulsive front wall measured p1/250 for closed chamber (circle), 
opening:chamber area ratio 0.10% (rectangle), 0.20% (diamond), 0.88% (triangle), and 2.0% 
(*) and Goda estimation (solid line) for (a) Hm0= 0.26m and Tp= 3s; (b) Hm0=0.39 Tp=3s; (c) 
Hm0=0.54m and Tp=3s; and (d) Hm0=0.26 and Tp=4.5s. 
Due to the limitation of time, only the closed case and 0.88% case were tested for the 
Hm0=0.26m and Tp=4.5s, and only the 0.88% case was tested for the Hm0=0.39m and 
Tp=3s. The trend, however, remains the same for all of cases so it is safe to say that the 
result will be similar for the cases that haven’t been tested in both wave conditions. 
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5.1.2 Front wall impulsive loads  
Allsop et al. (1996) and Oumeraci (1994) characterised three types of impact pressure 
experienced by the font wall. The first type (Figure 67) is a severe impact pressure on 
the vertical wall which characterised by a short rise time (tr < 0.01Tp) and the highest-
pressure peaks. The second type is a less severe impact pressure with smaller pressure 
maximum and a second smaller peak after the impact (Figure 68). The rise (tr) for this 
type is longer than the first type (tr <0.1Tp). The final type characterised is a double 
peaked pressure resulted from steep near-breaking waves with more obvious double 
pressure peaks and of similar magnitude (Figure 69) and longer rise time (tr ≈ 0.2Tp). 
The rise time (tr) is defined as the time between the start of an impact and the force 
maximum of the impact. The time from the impact’s start to its end is called the 
duration (td). Figure 71 illustrates the rise time (tr), duration (td), and maximum impact 
pressure measured (𝑝𝑖,𝑚𝑎𝑥) of Figure 67. Weggel and Maxwell (1970) proposed a 
semi-empirical relation equation between the rise time (tr) and the impact force (Fi) 
(Equation 27).  
 
𝐹𝑖 = 𝑎. 𝑡𝑟
𝑏                                                               (27) 
 
Figure 67 Severe pressure impact characteristics (Type 1) with rise time (tr) < 0.01 Tp from the 
large-scale model experimental measurement 
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Figure 68 Less severe pressure impact characteristics (Type 2) with rise time (tr) < 0.1 Tp from 
the large-scale model experimental measurement 
 
Figure 69 Near breaking pressure impact characteristics (Type 3) with rise time (tr) ≈ 0.2 Tp 
from the large-scale model experimental measurement 
where a and b are empirical coefficient chosen to include all of the experimental 
measurement scatter under the impact force (Fi) line. Large-scale experimental testing 
(Cuomo et al., 2010a) shows for conventional vertical breakwater, the impact force 
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(Fi) should not exceed a line created by Equation (27) and a = 7 and b = -0.6 as shown 
in Figure 70. McKenna and Allsop (1999) further suggested that Weibull distribution 
can be used to describe the wave forces experienced by the front wall and a change in 
gradient (an “elbow”) represents the change from a non-impulsive force to an 
impulsive force in an irregular wave conditions given the offshore wave length and the 
water depth ratio of less than 17 (L/h<17) and offshore wave high and water depth 
ratio of less than 0.425 (H/h<0.425). These conditions are taken based on the wave 
steepness transition between the breaking and broken wave supporting the argument 
that impulsive loads are caused solely by breaking wave. The Weibull distributed 
forces outside those parameters will have a curved distribution.  
 
Figure 70 Impact force maxima (Fi) plotted against the rise time (tr) for conventional 
breakwater with solid line calculated based on Equation (27) and a = 7 and b = -0.6 taken from 
Cuomo et al. (2010a). 
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Figure 71 The break-down of rise time (tr), duration time (td), and peak pressure (pi,max) 
In order to compare the experimental data on impacts on the OWC model with the 
literature, the same rectangular force calculation and zero-up crossing methods are 
employed for the front wall to get the force maxima for each wave event in irregular 
wave conditions. The measured force maxima for each wave event are then plotted 
against the non-exceedance probability (ln(-ln(1-P))) and the results are shown in 
Figure 72 – Figure 98. In addition to the force maxima, a solid diamond is utilised to 
mark the observed transition from a non-impulsive wave force to an impulsive wave 
force. The observation of the transition is done qualitatively and compared with the 
“elbow” transition of the Weibull distribution. Figure 77,Figure 78, Figure 86, Figure 
90, Figure 92, and Figure 95 show that the non-impulsive-to-impulsive transition is 
consistent with the change in the distribution gradient or the so called “elbow”. 
Although, it can be seen that Figure 72, Figure 74, Figure 75, Figure 76, Figure 79, 
Figure 82, and Figure 83 also have the change of gradient even though no impact 
observed. It can be concluded that for the OWC installed vertical breakwater, the 
change “elbow” does not accurately indicate a non-impulsive-to-impulsive wave load 
transition.  
To explore the relationship between the impact force (Fimp) and the rise time (tr), the 
normalised measured force is plotted against the associated normalised rise time in 
Figure 99. The normalisation is done by dividing the measured impact force with the 
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average of four biggest non-impulsive force of the same irregular wave train (Fimp 
/Fni,1/250) and the rise time with the peak wave period (tr/Tp). The line presented is the 
relationship proposed by Cuomo et al. (2011) at various non-exceedance (as shown in 
the figure). The top line is the 99.9% non-exceedance level with 25% relative error 
line. As can be seen from the figure, the Fimp and tr relationship for the OWC installed 
vertical breakwater also follows the relationship proposed by Weggel and Maxwell 
(1970) with only 2 out of 160 impacts observed fell above the non-exceedance 99.9% 
relative error line.   
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Figure 72 Non-exceedance probability 
distribution for irregular wave with Tp = 3s, 
Hm0 = 0.26m, and closed chamber. 
 
Figure 73 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.26m and Ao/Ac = 0.1%.  
 
Figure 74 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.26m and Ao/Ac = 0.2%. 
 
Figure 75 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.26m and Ao/Ac = 0.88%. 
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Figure 76 Non-exceedance probability 
distribution for irregular wave condition 
with Tp = 3s and Hm0 = 0.26m and Ao/Ac = 
2.0%. 
 
Figure 77 Non-exceedance probability 
distribution for irregular wave condition 
with Tp = 3s and Hm0 = 0.39m and Ao/Ac = 
0.88%. 
 
Figure 78 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.52m and closed chamber. 
 
Figure 79 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.52m and Ao/Ac = 0.88%. 
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Figure 80 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.4m and Ao/Ac = 0.1%. 
 
Figure 81 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.4m and Ao/Ac = 0.2%. 
 
Figure 82 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.4m and Ao/Ac = 0.88%. 
 
Figure 83 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.4m and Ao/Ac = 2.0%. 
 
Impact loads 104 
 
Figure 84 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.6m and closed chamber. 
 
Figure 85 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.6m and Ao/Ac = 0.88%. 
 
Figure 86 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.8m and Ao/Ac = 0.88%. 
 
Figure 87 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and closed chamber. 
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Figure 88 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and Ao/Ac = 0.1%. 
 
Figure 89 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and Ao/Ac = 0.2%. 
 
Figure 90 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and Ao/Ac = 0.88%. 
 
Figure 91 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and Ao/Ac = 2.0%. 
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Figure 92 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.81m and Ao/Ac = 0.88%. 
 
Figure 93 Non-exceedance probability 
distribution for irregular wave with Tp = 6s 
and Hm0 = 0.67m and closed chamber. 
 
Figure 94 Non-exceedance probability 
distribution for irregular wave with Tp = 6s 
and Hm0 = 0.67m and Ao/Ac = 2.0%. 
 
Figure 95 Non-exceedance probability 
distribution for irregular wave with Tp = 6s 
and Hm0 = 1.0m and Ao/Ac = 0.88%. 
 
Impact loads 107 
 
Figure 96 Non-exceedance probability 
distribution for irregular wave with Tp = 4.5s 
and Hm0 = 0.26m and closed chamber. 
 
Figure 97 Non-exceedance probability 
distribution for irregular wave with Tp = 4.5s 
and Hm0 = 0.26m and Ao/Ac = 0.88%. 
 
Figure 98 Non-exceedance probability 
distribution for irregular wave with Tp = 6.5s 









Figure 99  Impact force maxima against rise time for the front wall impact force with the lines 
represents the Weggel and Maxwell (1970) relationship for multiple non-exceedance level after 
Cuomo et al. (2011). 
In 1939, a method to predict the impulsive pressure magnitude for a prototype scale 
was proposed by Bagnold (1939). This method utilised the peak pressure of a 
compressed air by an impinging mass of water column as explained in Chapter 2. This 
method, which commonly known as “Bagnold method”, is later used to establish an 
adjustment factor by Takahashi et al. (1985) and they proposed an adjustment factor 
(λ) of 3.01 to be used to adjust the impulsive loads measured using a 1:16 physical 
model of a vertical breakwater which scaled down using Froude similitude law (see 
Equation 1). This adjustment factor then extended to include multiple scale model by 
Cuomo et al. (2010b) with several parameters defined for a scaled model Bagnold 
number calculation. The water mass velocity (uo) is defined as the propagation velocity 
of a wave with height equal to the significant wave height (Hm0) over a constant water 
depth d (Equation 28). The air chamber thickness (Di) can be considered as a circular 
air pocket with diameter equal to 1/12 of the Hm0 (Equation 29), and, finally, the water 
mass thickness (ki) is taken as Equation 30 as observed by Bagnold (1939) and 
Mitsuyasu (1967).    
𝑢𝑜 = √𝑔(𝑑 + 𝐻𝑚0)                (28) 
 




𝐻𝑚0                 (29) 
𝑘𝑖 = 0.2 (1 −
𝜋
12
) 𝐻𝑚0        (30) 
The same method is used to find the adjustment factor (λ) for the large-scale test 
results. For example, for the Irr11 wave conditions, the significant wave height (Hm0) 
is 1.00 m so the Bagnold number of the model is equal to 0.153. Since the large-scale 
model is about 1:9 to the prototype, the Bagnold number of the prototype will be 1.378, 
thus the predicted (pi,max) is about 377 kPa. The experimental results of Irr11 (Figure 
100) show the impact pressure (pi,max) measured is 224 kPa, so the model is over-
estimating the prototype impact pressure by a factor (λ) of 5.34. Since the scale factor 
proposed by Cuomo et al. (2010b) (Figure 15) does not include model Bagnold number 
(BgnM) higher than 0.03 and prototype Bagnold number (Bgnp) higher than 1.00, 
current experimental results cannot be compared directly. A simple extrapolation, 
however, put the adjustment factor of higher than 5 for current experiment, which 
supported the result.  
It is important to remember that an impact load occurs locally and may not occurred 
exactly at the pressure transducer location during the experiment. For example, the 
previous pi,max example of λ calculation was measured at the pressure transducer 
elevation of P2 (see Figure 12). Different wave conditions with Hm0 equal to 0.81m 
(Irr08) result (Figure 101), on the other hand, shows pi,max occurred at elevation of P1 
(see Figure 12) and shows an adjustment factor of 2.41. Table 5 lists several the pi,max, 
λ, and the location corresponding to pi,max observed in current experimental campaign. 
As can be seen in the adjustment factor varies widely with maximum number of 5.43. 
This may happen because of the nature of impact as explained above. The pi,max of 
number 3 and 4 experiments in the table, for instance, occurred on different PT location 
(P4 and P3, respectively) even though happened during the same irregular wave event.  
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Figure 100 impulsive load time series measured on the front wall of the Large-scale OWC model 
with Hm0 = 1.00m and Tp = 6s.  
 
Figure 101 Figure 5. 1 impulsive load time series measured on the front wall of the Large-scale 















ti,max Bagnold Bagnold pi,max 
1 
Irr04 
4 0.400 6 P2 1437.946 0.120 1.083 296 0.182 
2 4 0.400 6 P2 3165.378 0.120 1.083 296 0.172 
3 
Irr06 
4 0.800 26 P4 1014.480 0.142 1.280 350 0.678 
4 4 0.800 26 P3 1377.500 0.142 1.280 350 0.663 
5 Irr08 5 0.810 94 P1 2299.770 0.143 1.285 351 2.412 
6 Irr10 6 0.670 13 P2 3951.729 0.135 1.216 333 0.364 
7 Irr11 6 1.000 224 P2 999.418 0.153 1.378 377 5.343 
Table 5 Adjustment factor (λ) estimation for the large-scale model experiments when compared 
with the prototype impact load (pi,max) estimation. 
5.1.3 Probability of impacts (Pi%) – prediction method 
A simple method to estimate the percentage of impacts in a single irregular wave train 
on a vertical breakwater was developed by Calabrese and Vicinanza (1999) as part of 
PROVERBS (Oumeraci et al., 2001). The estimation depends on the water depth in 
front of the structure (h) and the depth of the water just in front of the front wall which 
in this case equal to the in-chamber water depth (d). It basically uses the breaking wave 
height (𝐻𝑏𝑐) calculation to predict the state of each incident wave when it hits the 
structure - whether it be in the condition of non-breaking (more likely to give a non-
impulsive wave loads), near breaking (Figure 69 type of impact loads) and breaking 
(Figure 67 and Figure 68 type of impact loads) or broken (non-impulsive wave loads). 
Equations 31 to 33 are the formulae for wave height at breaking. 
𝐿𝑝𝑖 = (𝑔𝑇𝑝
2/2𝜋) 𝑡𝑎𝑛ℎ(2𝜋 ℎ/𝐿𝑝𝑖)                                      (31) 
𝐶∗ =  (1 − 𝐶𝑟)/(1 + 𝐶𝑟)                                              (32) 
𝐻𝑏𝑐 = (0.1025 + 0.0217 𝐶
∗) 𝐿𝑝𝑖 𝑡𝑎𝑛ℎ(2𝜋 𝑘𝑏ℎ/𝐿𝑝𝑖)                     (33) 
where kb is the empirical berm constant and equal to 1 when no berm utilised, Lpi is 
the peak period wave length in the water depth h, C* is the reflection constant 
depending on the overall reflection coefficient Cr, and Hbc is the wave height at 
breaking. Table 6 listed the reflection coefficient of each experimental test calculated 
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based on the four-probe reflection analysis. The calculation is directly taken from 
Viviano et al. (2016) which was based on Faraci et al., (2014) four probes method.  
As can be seen from Table 6, the reflection coefficient (Cr) of the device while the 
orifice is closed is near to 0.9. At or near maximum operating efficiency, however, the 
reflection is reduced significantly to about 0.41 to 0.64 depending on the irregular 
wave condition. The reflection coefficient at optimum operation condition is also 
consistently the lowest compared to other operating conditions settings and compared 
to the closed and fully open settings.  
To give the maximum possible percentage of impact, the percentage of wave which 
passed the non-breaking-to-breaking point (Pb) has to be estimated first using Equation 
34 with Hsi denoting the incident wave height and Hbc denoting the breaking wave 
height.   
𝑃𝑏 = exp [−2 (
𝐻𝑏𝑐
𝐻𝑠𝑖
)]                                                  (34) 
These waves might include both the breaking wave and the broken wave. In other 
words, Pb can be seen as the maximum percentage of impact (Pi%) possible in a single 
sequence. In order to estimate the actual percentage of impact (Pi%), the transition point 
between breaking wave impact to broken waves needs to be found. PROVERBS 
(Oumeraci et al., 2001) suggested that the transition should occur when Cr = 0 and the 
breaking to broken transition wave height (Hbs) can be estimated using Equation 35. 
𝐻𝑏𝑠 = 0.1242 𝐿𝑝𝑖 𝑡𝑎𝑛ℎ(2𝜋 ℎ𝑠/𝐿𝑝𝑖)                                        (35) 
Thus, the percentage of impacts can be calculated by subtracting the number of broken 
waves in Pb according to Equation 36. 
















Impact loads 113 
No Test ref. Wave 
Condition 
Tp [s] Hm0 [m] Dori [m] Cr 
1 32708 
Irr01 
3 0.26 0 0.89 
2 31814 3 0.26 0.05 0.82 
3 32007 3 0.26 0.1 0.66 
4 32107 3 0.26 0.2 0.64 
5 31410 3 0.26 0.3 0.73 
6 40202 Irr02 3 0.39 0.2 0.59 
7 32709 
Irr03 
3 0.52 0 0.9 
8 40203 3 0.52 0.2 0.57 
9 31902 
Irr04 
4 0.40 0.05 0.9 
10 32008 4 0.40 0.1 0.67 
11 32108 4 0.40 0.2 0.48 
12 31701 4 0.40 0.3 0.52 
13 32710 
Irr05 
4 0.60 0 0.89 
14 40204 4 0.60 0.2 0.49 
15 40205 Irr06 4 0.80 0.2 0.48 
16 32711 
Irr07 
5 0.54 0 0.91 
17 32009 5 0.54 0.1 0.71 
18 32109 5 0.54 0.2 0.48 
19 31702 5 0.54 0.3 0.52 
20 40206 Irr08 5 0.81 0.2 0.5 
21 32801 
Irr10 
6 0.67 0 0.91 
22 31704 6 0.67 0.3 0.54 
23 40207 Irr11 6 1.00 0.2 0.514 
24 32712 
Irr13 
4.5 0.26 0 0.9 
25 32401 4.5 0.26 0.2 0.41 
26 32402 Irr14 6.5 0.40 0.2 0.48 
Table 6 Reflection coefficients based on Faraci et al., (2014) after Viviano et al., (2016) for the 
large-scale physical model. 
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Figure 102 shows the percentage of the impact estimation for each event based on the 
reflection coefficient (blue circle) for the large-scale test and the simple vertical 
breakwater Pi% calculation taken from Allsop et al. (1997) (orange rectangle). As can 
be seen from the figure, the large-scale test result is in good agreements with the 
example.  Although the percentage of impact for Hsi/d between 0.5 and 0.6 seems to 
be less agreeable, but the trend line is still following the overall data where the impact 
started to appear between Hsi/d = 0.3 and Hsi/d = 0.4. The data, furthermore, shows a 
good agreement for 0.6 < Hsi/d < 0.7. It should be noted that the orange rectangle data 
is based on the conventional vertical breakwater.  
 
Figure 102 Impact probability calculation plotted against the normalised incident wave height 
(Hsi) for the large-scale measurements (blue circle) and Allsop et al (1996) (orange square). 
5.1.4 Impact Probabilities (Pi%) - -comparison of prediction with 
OWC experiments 
To compare the Pi% estimations with the experiment, the rectangular force calculation 
is applied for the front wall based on pressure transducers P1-P5 (Figure 18) 
measurement. The percentage of impact is estimated for 1000 wave cycles for each 
irregular condition. Table 7 shows the number of impacts predicted and observed for 
each test and Figure 103 shows the plotted comparison between the estimation (circle) 
and the observation (square) against the normalised incident wave height (Hsi/d). The 
event maxima are then plotted on the same non-exceedance graphs in Figure 104-
Figure 112. Plots are only presented for the irregular wave tests in which impact were 
observed. The predicted onset of impacts (by Pi%) is shown by the horizontal line. 
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No Test ref. 
Wave 
Condition 
Tp [s] Hm0 [m] Dori [m] 






3 0.26 0 0 0 
2 31814 3 0.26 0.05 0 0 
3 32007 3 0.26 0.1 0 0 
4 32107 3 0.26 0.2 0 0 
5 31410 3 0.26 0.3 0 0 
6 40202 Irr02 3 0.39 0.2 0 7 
7 32709 
Irr03 
3 0.52 0 7 7 
8 40203 3 0.52 0.2 4 2 
9 31902 
Irr04 
4 0.40 0.05 0 1 
10 32008 4 0.40 0.1 0 1 
11 32108 4 0.40 0.2 0 1 
12 31701 4 0.40 0.3 0 1 
13 32710 
Irr05 
4 0.60 0 9 7 
14 40204 4 0.60 0.2 4 12 
15 40205 Irr06 4 0.80 0.2 30 40 
16 32711 
Irr07 
5 0.54 0 2 0 
17 32009 5 0.54 0.1 1 1 
18 32109 5 0.54 0.2 1 2 
19 31702 5 0.54 0.3 1 2 
20 40206 Irr08 5 0.81 0.2 26 39 
21 32801 
Irr10 
6 0.67 0 12 0 
22 31704 6 0.67 0.3 7 5 
23 40207 Irr11 6 1.00 0.2 54 28 
24 32712 
Irr13 
4.5 0.26 0 0 0 
25 32401 4.5 0.26 0.2 0 0 
26 32402 Irr14 6.5 0.40 0.2 0 0 
Table 7 Number of impacts based on the calculation and observed number of impacts of the 
large-scale experiment comparison. 
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As can be seen from Table 7, the predicted number of impacts seems to have a fairly 
good agreement with the observation. The prediction over-estimates the number of 
impacts observed in cases no. 15, 21 and 23, while the prediction under-estimates the 
number of impacts observed in cases no. 6, 14, and 20. The prediction method predicts 
the number of impacts observed for the rest of the cases quite well within ±2 impacts.  
 
Figure 103 Estimated (circle) and observed (square) number of impacts plotted against the 
normalised incident wave height (Hsi), large-scale measurements, irregular wave.  
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Figure 104 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.52m and closed chamber, solid 
line represents the predicted number of 
impacts (Pi%). 
 
Figure 105 Non-exceedance probability 
distribution for irregular wave with Tp = 3s 
and Hm0 = 0.52m and Ao/Ac = 0.88%, solid 
line represents the predicted number of 
impacts (Pi%). 
 
Figure 106 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.6m and closed chamber, solid line 
represents the predicted number of impacts 
(Pi%). 
 
Figure 107 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.6m and Ao/Ac = 0.88%, solid line 
represents the predicted number of impacts 
(Pi%). 
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Figure 108 Non-exceedance probability 
distribution for irregular wave with Tp = 4s 
and Hm0 = 0.8m and Ao/Ac = 0.88%, solid line 
represents the predicted number of impacts 
(Pi%). 
 
Figure 109 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.81m and Ao/Ac = 0.88%, solid 
line represents the predicted number of 
impacts (Pi%). 
 
Figure 110 Non-exceedance probability 
distribution for irregular wave with Tp = 6s 
and Hm0 = 0.67m and Ao/Ac = 2.0%, solid line 
represents the predicted number of impacts 
(Pi%). 
 
Figure 111 Non-exceedance probability 
distribution for irregular wave with Tp = 6s 
and Hm0 = 1.0m and Ao/Ac = 0.88%, solid line 
represents the predicted number of impacts 
(Pi%). 
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Figure 112 Non-exceedance probability 
distribution for irregular wave with Tp = 5s 
and Hm0 = 0.54m and Ao/Ac = 0.2%, solid line 
represents the predicted number of impacts 
(Pi%). 
 
Figure 104, Figure 106, Figure 110 and Figure 112 show a very good agreement 
between the prediction of Pi% and the measurements in a 1000 wave cycles test set. It 
should be noted that the force impact calculation is done using a rectangular method 
based on the pressure measurement from transducers with a very small surface area. It 
is inevitable, however, that the pressure maxima may be extremely sensitive to the 
exact location of the impact. Consequently, it is possible that some impact pressure 
maxima are underestimated, or indeed, impacts could be missed altogether.  
Based on the results shown, it can be concluded that the impacts probability method 
developed for the conventional breakwaters can be used to predict the number of 
impacts experienced by an OWC installed vertical breakwater with fairly good 
accuracy.   
5.2 In-chamber wave loads behaviour 
5.2.1 Violent In-chamber ceiling impact characterisation 
Unlike the front wall, in the idealised view of the in-chamber water column, the in-
chamber ceiling would never experience a wave pressure directly from the incident 
wave except in the event where the whole water column rises up and meets the ceiling. 
Under normal operating conditions, the ceiling should only experience the air pressure 
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generated inside the chamber. This will be the case if the water column is behaving 
well as demonstrated in Figure 113 (a) and (b). In-chamber video observation, 
however, shows sloshing phenomena occurring during some of the experiments. This 
phenomenon is characterised by a turbulent surface water movement inside the 
chamber, with an impact on the chamber ceiling in some extreme cases.  
Four different regimes are now proposed to differentiate the intensity of the in-
chamber water column movement inside the chamber. The first one is “well-behaved” 
water column movement as previously demonstrated in Figure 113. The second is “low 
movement” where the water column vertical oscillation is still easily observed, but the 
water surface is not calm (Figure 114). The third level is “medium movement” where 
the water column vertical movement is harder to distinguish and there is an obvious 
difference in water level between the front and the rear parts of the water column, as 
apparent in Figure 115. The final and probably most important characterisation is the 
“violent movement” where there is a very little water column oscillation visible while 
the water surface is very chaotic. In some extreme cases, impact pressures are observed 
on the ceiling during this level of water column movement as shown in Figure 116.  
A separate research using the Particle Imaging Velocimetry (PIV) measurement for an 
OWC water column behaviour is done by López, et al. (2015). The research shows 
vortices appear near the front opening as the water enters the water column under 
certain wave conditions. This is in line with the unsteady water column behaviour 
found in the present work although due to the limitation of the camera, the image of 
such vortices inside the water column cannot be seen in the large-scale physical model 
test.      
In addition to the water column behaviour characterisation, three types of violent 
ceiling impact were observed. The first type is the one generating highest impact 
pressure of up to 12ρgHm0, which is “single ceiling impact” on the front or the rear part 
of the chamber. Figure 117 (a) shows the single impact event pressure measurement 
on the rear ceiling, (b) shows the location of each corresponding colour, and (c) shows 
the corresponding image on the rear part of the chamber. In addition to the high 
magnitude of impact, this condition is worsened by the unpredictability of the impact 
pressure generated as shown by the bigger pressure measurement in Figure 118, even 
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though the wave condition has less wave steepness. The impact, unfortunately, cannot 
be seen in the video since the location of the impact is very close to the in-chamber 
video recorder location.  
The second type of violent ceiling impact is “successional ceiling impact” in which 
event there is, in succession, either an impact on the rear of the ceiling followed by an 
impact in the front of the chamber, or vice versa. Figure 119 (a) to (d) show the 
breakdown event of this type of impact with t* indicates the relative time of each 
breakdown event to a single wave period (t* = t/Tp). In the example in the figure, the 
impact occurs on the front part of the ceiling, directly followed by an impact on the 
rear part of the ceiling.  
Figure 120 shows the time series pressure measurement on the ceiling and the rear wall 
of the chamber. Figure 121 is a second example of a “successional celling impact”, but 
this time, the first impact occurring on the rear part of the ceiling followed by the 
impact on the front part. In this instance, the impact pressure maxima generated are 
similar between the two successive impacts.  
The third ceiling impact type is the “whole water column ceiling impact” when the 
whole, or nearly the whole water column hits the ceiling of the chamber. This type of 
ceiling impact is usually indicated by a big hydrostatic wave pressure leading up to, 
and immediately following the impact pressure, with the impact occurring at the peak 
of the chamber pressure. Figure 122 shows a pressure time series of such events under 
regular wave condition. As can be seen, the non-impulsive pressure is similar, if not 
identical, for each single wave cycle. The impact magnitude, however, looks random. 
This further emphasis the uncertainty in ceiling impact.  
 





Figure 113 “Well behaved” upward (a) and downward (b) water column oscillation behaviour 





Figure 114 “Low sloshing” during upward (a) and downward (b) water column oscillation in in 
T=4.0s and H=0.8m and Ao/Ac=0.1% test. 
 







Figure 115 “Medium sloshing” water column behaviour with less obvious upward (a) and 
downward (b) oscillation and an impact observed on the rear wall in (c) in T=5.0s and H=0.67m 
and Ao/Ac=0.88% test. 
 
Figure 116 “Violent sloshing” water column behaviour with no observable water column 
oscillation and an impact on the ceiling in Tp=5.0 s and Hm0 = 0.8m and Ao/Ac=2.0% test. 
 









Figure 117 Example of “single ceiling impact” type with (a) Time series of chamber pressure 
measured with the line colour key in (b), and (c) showing the corresponding impact event. 
 






Figure 118  Example of “single ceiling impact” type with (a) time series of chamber pressure 
measured with the line colour key in (b). 
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Figure 119 Sequence of events in a “successional ceiling impacts” example with (a) The water 
column rises and is reflected by the rear wall. (b) The reflected water flows to the front part of 
the chamber and an impact occurs on the front part of the ceiling, followed by (c) the water 
column falling and (d) rising up again to give a second impact on the rear part of the ceiling. 
Here t* indicates the relative time of each breakdown event to a single wave period (t* = t/Tp). 
 
Figure 120 The pressure time series of the in-chamber pressure transducers for ”successional 
ceiling impacts” type, corresponds to the one shown in Figure 119, line colours corresponds the 
diagram. 
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Figure 121 Pressure time series measurement example of the “successional ceiling impacts” with 
line colour corresponds the diagram.  
 
Figure 122 A time series pressure measurement example of “whole water column ceiling 
impact”, line colour corresponds the diagram. 
5.2.2 Front wall and in-chamber ceiling impact comparison 
Because the method for the estimation of the percentage of impacts has been shown 
(Subchapter 3.1.4) to work quite well for the front wall of the OWC breakwater, it is 
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interesting to explore whether the ceiling impacts have any connection with the front 
wall impacts. The importance is highlighted because the impact pressures measured 
are at least comparable to the front wall impact pressures. Table 8 summarises the 
impact force maxima (Fi,max), time of the force maxima (ti,max) and rise time (tr) for 
both the front wall and in-chamber ceiling. The table includes only the cases where the 
ceiling impact is observed. One important similarity that all of the cases shared is that 
they are closer to the fully open regime, event tough no all the same orifice opening 
(Dori). This is possible because the chamber pressure generation is much less in the 
bigger orifice opening (especially the fully open orifice setting), so larger water 
column motion is anticipated. Furthermore, the force impact maxima measured are 
consistently larger on the ceiling than the front wall and are accompanied by much 
shorter rise time (tr). Biggest impacts occurring on the front wall, on the other hand, 
do not generally result in the biggest impacts on the ceiling - all of the ti,max for the 
front and the ceiling are different, apart from case number 3. Cases number 3 and 4 
share the same wave condition with the difference only in the orifice opening. The 
force impact maximum of the front wall is shown to occur at the same time (4727s). 
The ceiling impact maxima, however, occurred at different time (4728s and 3718s). 
This further emphasises the uncertainty in impact force experienced by the ceiling.   
In the previous chapter, Dori equal to 0.3 m is shown to be in “fully open” regime. 
From the albeit somewhat limited set of impact cases studied, the observation shows 
that in the fully open condition, when there is an impact on the front wall, there will 









Impact loads 129 
No Tp [s] Hm0 [m] Dori [m] 
front ceiling 
Fi,max  ti,max tr Fi,max ti,max tr 
1 4 0.4 0.3 5.08 1436.82 0.101 59.81 351.82 0.002 
2 4 0.8 0.2 27.09 1328.31 0.107 51.46 2594.45 0.001 
3 5 0.54 0.2 10.51 4727.53 0.384 41.34 4728.24 0.001 
4 5 0.54 0.3 10.42 4727.01 0.353 60.55 3718.74 0.001 
5 5 0.81 0.2 49.69 3178.47 0.082 77.71 4595.52 0.001 
6 6 0.67 0.3 11.91 3954.09 0.454 84.33 282.59 0.001 
7 6 1 0.2 75.66 999.44 0.025 119.50 1277.01 0.001 
Table 8 Impact force maxima (Fi,max), time of the force maxima (ti,max) and rise time (tr) for both 
the front wall and in-chamber ceiling. 
Figure 123 compares the front wall and in-chamber ceiling force maxima for non-
impulsive loads and impulsive (impact) loads. Data located above the solid line means 
the in-chamber ceiling impact force maxima exceeds the front wall impact force 
maxima for the given test. As can be seen, almost all of the impact force data is located 
above the solid line. This demonstrates that in-chamber impact forces are at least 
comparable and potentially just as important as the front wall impacts.  
Figure 124 shows the rear wall and in-chamber ceiling impact force maxima 
comparison, while Figure 125 shows the front wall and rear wall impact force maxima 
comparison. It is apparent that the ceiling impact forces maxima are always bigger 
than the impact force experienced by the rear wall (data located above the solid line).  
 
Figure 123 Front wall and in-chamber ceiling force maxima comparison, for both non-impulsive 
loads (solid blue circles) and impulsive (impact loads) (red stars). 
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Figure 124 Rear wall and in-chamber ceiling force maxima comparison, for both non-impulsive 
loads (solid blue circles) and impulsive (impact loads) (red stars). 
 
Figure 125 Front wall and rear wall force maxima comparison, for both non-impulsive loads 
(solid blue circles) and impulsive (impact loads) (red stars). 
5.3 Mapping the wave conditions at risk of sloshing 
In addition to the inefficiency caused by sloshing (in-chamber water column 
movement), it may also lead to a severe impact pressure on the in-chamber walls. 
Furthermore, the large-scale measurements show that some amount of sloshing is not 
an uncommon situation of an OWC breakwater during operation. It should thus be 
considered as part of the design and performance assessment. In order to understand 
the conditions under which sloshing is most likely to occur, the in-chamber video 
record was studied for both the regular and irregular wave conditions.  
5.3.1 Conditions at risk – large-scale tests 
For each test, the sloshing regime was identified and recorded alongside the wave 
height or significant wave height (H or Hm0), chamber width characteristics (Bc/L), and 
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the opening:chamber ratio (Ao/Ac). A colour code is utilised to indicate the sloshing 
intensity observed. If the water surface looks calm while oscillating, then it can be 
recorded as “no sloshing” (Figure 113) and it is represented in green. Blue represents 
“low sloshing”, the condition where the water surface is not calm, but the oscillation 
is still obvious within the video (Figure 114). Yellow indicates “medium sloshing” 
with a very visible water height difference between the front and the rear end of the 
chamber while the oscillating motion is still visible (Figure 115). Finally, red indicates 
“violent sloshing” where the water movement inside the chamber is very violent with 
almost no obvious water oscillation observed within the video (Figure 116). In addition 
to the colour code, several symbols are used for additional information: no test 
available (/), water level touch the ceiling (^), and major ceiling impact observed (!).  
The results for the sloshing regime for the regular wave conditions can be seen in Table 
9. One characteristic that can be seen right away is that the sloshing is more likely to 
occur with the bigger orifice openings. The chamber pressure generated by the smaller 
orifice (the closed case condition included) inhibits the water column from sloshing, 
although some low sloshing phenomena still can be observed in some of the cases. It 
is also clear from the result that when low sloshing occurs in the closed/near-closed 
chamber conditions, it is likely to be a higher sloshing in the bigger orifice condition. 
In general, the sloshing is more likely to occur in higher wave height conditions.  
In order to see the effect of the of the front wall penetration, the curtain used as the 
front wall of the physical model structure was lowered for the 0.88% orifice:chamber 
area ratio case. The results show that it has some effect for the Bc/L = 0.1394 cases. It 
changes the sloshing condition from low sloshing (blue) to no sloshing (green) for the 
H = 0.26 m and H = 0.52M cases. The lower curtain wall also causes change from 
medium sloshing (yellow) to low sloshing (blue) for the H = 0.78m case. This 
influence, however, does not seem to appear in the smaller Bc/L cases. For example 
for the Bc/L = 0.1045 and 0.8m, both the original and lowered curtain wall cases regain 
the same level of sloshing intensity, even though the impact pressure observed in the 
H = 0.8 m original curtain height did not appear in the lowered curtain case. 
Interestingly, the converse is observed for the Bc/L = 0.0697 and H = 0.67m case where 
the sloshing intensities from the medium sloshing (yellow) to the high sloshing (red) 
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state. Nevertheless, lowering the front wall usually has a calming impact to the 
sloshing characteristics.  
 
Table 9 Sloshing regime for regular wave conditions (/) indicates a case not tested, (^) indicates 
a situation where the water column touches the ceiling, and (!) indicates a ceiling impact. 
Table 10 shows the observations irregular wave conditions. The wave height listed in 
the figure is the nominal significant wave height (Hm0) and the wave length in the 
relative chamber width is calculated using fictitious significant wave period and 
denoted by Lp. The maximum individual wave height according to the Rayleigh 
distribution could be up to 1.8 times the significant wave height for these 1000-wave 
sequences. This condition seems to exacerbate the water column condition inside the 
caisson – in all cases, a higher sloshing intensity is observed compared to the 
corresponding regular waves case. The trend, however, remains the same with the 
sloshing more likely to occur for higher wave heights and bigger orifice openings. 
Lowering the front wall penetration, however, seems to bring a calming effect across 
different Bc/Lp. This can be seen in the 0.88% opening ratio results, the original front 
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wall position and the lowered curtain wall results. It is worth noting that lowering the 
front wall is expected to lead to higher energy losses due to increased vortex formation 
on the inflow and associated with viscous lost.  
 
Table 10 Sloshing regime for irregular wave condition, (/) indicates a case not tested, (^) 
indicates the situation where the water column touches the ceiling, and (!) indicates a ceiling 
impact. 
5.3.1 Conditions at risk – small-scale tests 
There are several detail differences between the large-scale and the small-scale 
models. In the large-scale model, the front wall is separated with the main OWC 
chamber and assembled later before the experiment started, as shown in Figure 126 (a) 
without and (b) with the front wall installed. This mechanism allows the front wall to 
be lowered for the additional experiments as presented in the previous sub-chapter. 
The front wall also protruded above the caisson ceiling protecting the orifice opening 
from an over topping. Secondly, the chimney above the large-scale chamber in which 
the orifice was located is not reproduce in the small-scale. Instead, the orifice was 
simple in the chamber ceiling itself.  
 





Figure 126 Images of the large-scale physical model without (a) and with (b) the front wall 
installed. 
The small-scale model was a single structure for the entire front wall and side front 
wall as shown in Figure 127. This allowed wave overtopping to occur during the 
experiments, but a lowered curtain walls were not practical. The main concern is the 
overtopping water poured back into the chamber. Due to these, additional symbols are 
added to the tables to describe wave overtopping occurrence (*) and the situation 
where a significant volume of overtopped water poured back into the chamber and 
increase the chamber water height (Π). Furthermore, the (/) symbol now indicates a 
test with no video available, while (-) is used for conditions that are not tested. The 
same colour code is used for the sloshing intensity, with green (no sloshing), blue (low 
sloshing), yellow (medium sloshing), and red (high sloshing).  
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Figure 127 The front wall of the small-scale physical model. The opening to the chamber is 
visible underneath the curtain wall, in which three pressure transducers are mounted. 
For the small-scale experiments, the camera is located on the side of the wave flume 
since the material of the wave flume side wall (glass) and the structure (perspex) allow 
the water column inside the chamber to be seen from the outside. Figure 128 shows 
the sloshing condition associated with colour code green (a), blue (b), yellow (c), and 
red (d) - (e). The solid red lines approximate the water column water surface inside the 
chamber at each instant.    
 
Figure 128 Sloshing conditions for the small-scale model with associated colour code green (a), 
blue (b), yellow (c), and red (d) - (e). Each colour code indicates the same behaviour as the large-
scale physical model (section 5.2). 
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Table 11 Sloshing regimes for regular wave condition in small-scale physical model. (-) indicates 
the video not available, (^) indicates the situation where the water column touches the ceiling, 
(Π)  indicates the overtopped water pouring back into the chamber and (!) indicates a ceiling 
impact. 
 Table 11 shows the sloshing regime characteristics for the small-scale physical model 
regular wave conditions. The regime is indicated alongside the same properties as per 
the large-scale results, relative chamber width, wave height (m), and orifice: chamber 
area opening ratio. The small-scale tests explored a wider range of orifice opening (as 
mentioned in chapter 3). This allowed the gradual onset and growth of the sloshing to 
be observed, such as the Bc/L = 0.07 and H = 0.09 m and 0.12 cases. The water surface 
was initially calm and well behaved (green) even though wave overtopping was 
observed in the closed chamber case for H = 0.12m. The sloshing, however, developed 
in the bigger orifice opening to high sloshing (red) in the ratio of 3.95%. The trend of 
sloshing occurrence in the higher wave height and wider orifice diameter remains the 
same between the large-scale and the small-scale.  
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Table 12 Sloshing regimes for regular wave conditions in small-scale tests. (-) indicates video not 
available, (^) indicates the water column touches the ceiling, (Π) indicates overtopped water 
pouring back into the chamber and (!) indicates a ceiling impact. 
Table 12 shows the sloshing regime characteristics for the irregular wave conditions. 
The wave height listed in the figure is the nominal significant wave height (Hm0) and 
the wave length in the relative chamber width is calculated using fictitious significant 
wave period and denoted by Lp. Just like the large-scale test results, the in-chamber 
water column behaviour is generally more prone to sloshing for the irregular wave 
conditions. The figure uses the same colour code as the previous figure. An additional 
symbol used here is “v” to indicate “venting” event. Venting occurs when the incident 
water level falls below the front wall and the air flow into the chamber through the 
front wall opening instead of the power take off (simulated by the orifice in the 
experiment). Figure 129 captures the “venting” which occurs on Bc/Lp = 0.0991, Hm0 
= 0.069 m, for the closed orifice. It can be seen that the air passes under the front wall 
and adds to the air volume inside the chamber as demonstrated by the red arrow. Figure 
130 shows the chamber pressure time history (corresponding to the venting 
phenomenon in Figure 129), of the closed orifice, Bc/Lp = 0.0991, and Hm0 = 0.069m. 
The zero value in the graph represents the atmospheric pressure. As can be seen, after 
venting, the average pressure increases above the atmospheric pressure and generate 
less negative pressure. One can imagine that such a phenomenon could negate the 
negative pressure generated during operation. 
It is possible that this phenomenon also occurs during the large-scale experiment 
shown in Figure 131. The solid red line approximate elevation of the lower ‘lip’ of the 
front wall. The measurement lines on the chamber wall indicate the distance between 
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Figure 129 Venting event which occurred during a small-scale physical model experiment. The 
red arrow indicates where the water level has fallen below the front wall and a volume of air has 
entered the chamber. 
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Figure 130 Chamber pressure time series during the venting event. The signature of the venting 
is increase in average pressure between t = 295s and t = 300s. 
 
Figure 131 Video image of a suspected venting event during the large-scale physical model 
testing. The red line indicates the approximate elevation of the front wall opening. 
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6 Small-scale results and comparison 
This chapter explores the small-scale measurements, and then compares them with the 
wave loading prediction model developed for the in-chamber wave loads. A 
comparison is then presented between the small-scale results for the in-chamber rear 
wall and generated chamber pressure and the large scale (GWK) results of the same 
location to investigate the scaling effects.  
6.1 Small-scale physical model performance analysis 
To establish the maximum energy which can be captured by the small-scale model, the 
peak power generated is determined for each test. The various orifice openings and 
wave conditions of the small-scale model are then compared (Figure 132) for regular 
wave condition because power generated varied for each wave within an irregular 
wave train. The power generated is calculated by multiplying the volumetric flowrate 
of the air flowing in and out of the chamber in a single wave cycle by the chamber 
pressure maxima of the corresponding wave cycle.  
 
Figure 132 Power generating performance: comparison between various opening:chamber ratio 
for multiple wave settings. 
The figure shows that the OWC works most efficiently in the 0.44% orifice to chamber 
area ratio – a finding that is consistent across all tested regular wave conditions. 
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6.2 Small-scale model: comparison of wave loads with new 
prediction method  
6.2.1 Closed chamber case 
For the small-scale closed chamber results, the measured chamber pressure is 
compared with the prediction model (Subchapter 4.1.1 and Equation 13) and the results 
is shown in Figure 133. The Y-axis of the figure shows the measured/predicted 
pressure ratio. The X-axis show the maximum measured chamber pressure. As can be 
seen from the figure, the prediction model under-estimates the small-scale chamber 
pressure maxima for the one less than 200 Pa by a factor of 2.0. On the other hand, the 
prediction model over-predicts for the higher in-chamber pressure maxima (> 200Pa), 
by a factor of 0.7. These discrepancies might occur due to the air stiffness of the small-
scale structure. In a smaller chamber dimension, the air stiffness is higher compared 
to that of a bigger air volume in a prototype’s caisson chamber. Under lower wave 
steepnesses, this characteristic may be under-estimate by the prediction mode which 
explain the results shown in the figure. Nevertheless, the pressure magnitude is 
relatively small compared to the steeper wave steepnesses.   
Figure 134 shows the landward force acting on the rear wall of the chamber, comparing 
small-scale measurements with the prediction model. The figure shows the similar 
trend as Figure 133, with the larger magnitude forces being over-predicted by a factor 
of 0.7.  
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Figure 133 Measurement:prediction ratio of the closed chamber cases against pressure 
magnitude for the regular wave conditions, small-scale measurements. Solid line represents the 
model prediction. 
 
Figure 134 Measurement:prediction ratio of landward near wall force of the closed case cases 
against force magnitude for the regular wave conditions. Solid line presents the model 
prediction. 
It is interesting to explore the influence of the wave steepness on the 
measured:predicted comparison, so Figure 133 and Figure 134 are reworked using 
wave steepness as the X-axis to give Figure 135 (chamber pressure, pc) and Figure 136 
(rear wall landward forces, Fmeas,rear). A slight declining trend is observed from the 
figures showing which is possibly because higher wave steepness may have bigger 
energy loss then the less steep waves when passing through the front wall opening. 
The transition from under-estimation to the over-estimation by the prediction model 
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for both force and pressure comparisons here falls around the same region of 1% to 
2% wave steepness.  
 
Figure 135 Measurement:prediction ratio of the closed chamber cases against wave steepness 
for the regular wave conditions, small-scale measurements. Solid line represents the model 
prediction. 
 
Figure 136 Measurement:model ratio of landward near wall force of the closed case cases 
against wave steepness for the regular wave conditions. Solid line presents the model prediction. 
For the irregular sea conditions, the measurements used the JONSWAP spectra with 
significant wave heights and wave periods described in detail in the Chapter 3. The 
model for irregular waves assumed a wave height of 1.8 times the significant wave 
height as the basis of its calculation. The maximum chamber pressure comparison for 
the irregular sea conditions is presented in Figure 137, and the landward rear wall force 
comparisons presented in Figure 138.  Here, the x-axis shows the wave steepness 
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calculated based on the significant wave height and period, and y-axis shows the 
chamber pressure measured:predicted ratio and rear wall force measured:predicted 
ratio. It is observed that unlike the regular test result, all of the test data in the irregular 
test for both chamber pressure maxima and rear wall force maxima are located on the 
safe side of the prediction and closer to the estimation by a factor of 0.85 and 0.73 
respectively. The results trend, furthermore, seems to be flat, not declining as was seen 
for the regular wave results. This could be because in the irregular sea conditions, the 
wave steepness is not constant on a wave-to-wave basis, so the dissipating effect of 
the front wall varied for each wave cycle in the same test set. This also shows that the 
small-scale physical measurements have better agreement with the prediction for the 
irregular wave conditions than for the regular wave conditions.  
 
Figure 137 Pressure maxima measurement:prediction ratio of the closed chamber cases against 
wave steepness for the irregular wave conditions. Solid line represents the model prediction 
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Figure 138 Measurement:prediction ratio of landward rear wall force of the closed case cases 
against wave steepness for the irregular wave conditions. Solid line presents the model 
prediction 
6.2.2 Fully open chamber case 
The second extreme case which explored in these experiments is the fully open 
condition. In order to distinguish between the cases that can be included in the fully 
open and the cases that are still in the operating condition (Section 6.2.3), the chamber 
pressure increase rate is plotted in Figure 139 for the regular wave conditions. The 
solid red line (200 Pa/s) indicates the cut-off between the operating condition and the 
fully open condition. This cut-off pressure increase rate is determined based on the 
linear scaled-down of the large-scale cut-off measurement of 2 kPa/s. Note that all of 
the tests at 3.93% and 6.18% orifice:chamber ratio falls in the fully open condition. 
All of the cases located above the solid red line are hence forth excluded in this sub-
chapter analysis. In the fully open case, the chamber pressures in all cases are assumed 
to be very close to atmospheric pressure and assumed not to change with the water 
column oscillation inside the chamber. This assumption is supported by the chamber 
pressure increase rate remaining almost the same regardless of the wave steepness in 
the figure.  
Since a chamber pressure comparison is not meaningful, only the landward force 
acting on the chamber rear wall is compared, and the result plotted against the wave 
steepness is presented in Figure 140. The measurements have a very good agreement 
with the model prediction (Subchapter 4.1.2 and Equation 16) for most of the cases, 
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however the declining trend is more obvious here compared to the closed chamber 
case. This may be because the energy dissipation due to front wall penetration is bigger 
in the fully open case because the in-chamber water column movement is not restricted 
by the chamber pressure which increases the water movement in and out of the 
chamber. Since the measurements exceeds some of the model predictions, is it 
important to check whether the under-prediction (unsafe) cases are associated with 
significant force magnitudes. Figure 141 shows that they are actually located in the 
smaller force magnitude zone, whereas the biggest magnitudes are all located in the 
safe-zone, close to the prediction line. Thus, the rear wall force comparisons show that 
the small-scale physical measurement agrees well with the rear wall force prediction 
with an average factor of 0.88 for the regular wave conditions. Furthermore, many of 
the data points with the same wave conditions for 2.22%, 3.95% and the 6.18% over-
lapped each other, showing that the orifice opening has little effect on the results and 
supporting the fully open assumption for these cases.  
Next, rear wall pressures at various elevation are explored. Figure 142 and Figure 143 
show the pressures acting on the rear wall at different elevations for 3.95% and 6.18% 
opening ratios respectively. Measured:predicted comparison shows that the under-
estimation of the pressure acting on a few specific elevations of the chamber rear wall 
is about a factor of 0.75. The detailed comparison between the pressure distribution 
prediction and the measured pressure acting on the rear wall at various elevation of the 
structure can be seen in Figure 144 (a)-(r) for the 3.95% cases and Figure 145 (a)-(r) 
for the 6.18% cases. 
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Figure 139 Chamber pressure increase rate for the opening:chamber ratio of 2.22% (blue solid 
square), 3.95% (yellow solid diamond), and 6.18% (grey solid triangle) for regular wave 
conditions, small-scale measurements. The solid line represents the cut-off line between the 
operating condition (above) and fully open condition (below). 
 
Figure 140 Measurement:prediction ratio of landward rear wall force for the fully open cases vs 
wave steepness, for the regular wave conditions, small-scale measurements. Solid line presents 
the model prediction 
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Figure 141 Measurement:prediction ratio of landward rear wall force of the fully open case vs 
force magnitude, for the regular wave conditions, small-scale measurements. Solid line presents 
the model prediction 
 
Figure 142 Ratio of measurement:prediction for rear wall landward pressures at various 
vertical elevations for the 3.95% opening:chamber ratio, small-scale measurements, regular 
wave conditions, open chamber. The solid line represents the model prediction. 
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Figure 143 Ratio of measurement:prediction rear wall landward pressure at various vertical 
elevations for the 6.18% opening:chamber ratio, small-scale measurements, regular wave 
conditions, open chamber. The solid line represents the model prediction. 
For the irregular wave conditions the wave steepness is determined based on the 
significant wave height and period. In reality, however, the wave steepness varies for 
each wave in an irregular sea. Due to this characteristic, the pressure increase rate also 
changed depending on each wave cycle. For simplification the fully open condition is 
determined using the p1/250 pressure increase rate, which is the average of 4 biggest 
chamber pressures of each test set. The results of the calculation are presented in 
Figure 146. The y-axis of the graph shows the p1/250 increase rate and the x-axis shows 
the wave steepness. The cut off rate of 200 Pa/s is applied and, just as for the regular 
wave tests, all of the 3.95% and 6.18% opening ratio cases are fall into the fully open 
regime. For the 2.22% ratio, on the other hand, only one test is included. Based on the 
pressure rate cut-off, the maximum landward force acting the rear wall comparisons 
between the small-scale measurements and the prediction model for the fully open 
chamber are shown in Figure 147. Just like the closed chamber case, all of the 
maximum force measured in this condition also located on the safe-side of the 
prediction by a factor of 0.62. The trend of the data is similar to that for the regular 
wave conditions, with the declining trend observed for the higher wave steepness, 
possibly due to higher energy losses. It can also be seen that the maximum forces for 
different orifice opening:chamber ratios have about the same force maxima ratio, 
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supporting the assumption that the diameter of the orifice opening has little effect in 









































Figure 144 (a)-(r) Measured (solid circle) and predicted (solid line) pressure distributions for 
fully open case 3.95% opening:chamber ratio, and regular wave conditions of: (a) Reg01, (b) 
Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) Reg08, (i) Reg09, (j) Reg11, (k) 
Reg12, (l) Reg13, (m) Reg16, (n) Reg17, (o) Reg20, (p) Reg21, (q) Reg24, (r) Reg27. 
 









































Figure 145 (a)-(r) Measured (solid circle) and predicted (solid line) pressure distributions for 
fully open case, 6.18% opening:chamber ratio, and regular wave conditions of: (a) Reg01, (b) 
Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) Reg08, (i) Reg09, (j) Reg11, (k) 
Reg12, (l) Reg13, (m) Reg16, (n) Reg17, (o) Reg20, (p) Reg21, (q) Reg24, (r) Reg27. 
 
Figure 146 Chamber pressure increase rate for the opening:chamber area ratio of 2.22% (blue 
solid circle), 3.95% (orange solid circle), and 6.18% (grey solid circle) and irregular wave 
setting. The solid line represents the cut-off line between the operating condition (above) and 
fully open condition (below). 
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Figure 147 The measurement:prediction ratio of the rear wall landward force for fully open 
case and irregular wave conditions for various opening:chamber area ratio, small-scale 
measurements. The solid line represents model prediction. 
It is important to note that the air pressure inside the chamber is assumed to be 
atmospheric or close to atmospheric at all time. The air stiffness characteristic 
differences between the small-scale and the prototype should be minimal in the fully 
open condition, as was demonstrated in the regular wave results. 
6.2.3 Operating condition case 
The operating condition is an intermediate condition between the two extremes. The 
ratio of measured:predicted chamber pressure maxima are plotted against the wave 
steepness in Figure 148 for the regular wave condition. As shown in the figure, the 
prediction model under-estimates the small-scale measurements by a factor between 
1.1 and 1.5. The bigger orifiice:chamber area ratio (0.99%) appears to be the closest 
to the estimation line, with less good agreement to smaller orifice:chamber area ratios, 
such as: 0.11% (1.44 times), 0.25% (1.51 times), and 0.44% (1.54 times) cases. For 
the 0.99% (1.1 times) case, however, some of the cases fall below the comparison line, 
this may happen because in the less steep wave conditions, such an orifice opening 
may tend more toward the fully open condition than the operating condition.  
Note that measurements at the most efficient orifice opening (0.44%) showed in the 
highest under-estimation by a factor of 1.54. Figure 149 shows the same 
measurement:prediction comparison of the chamber pressure when plotted against the 
pressure magnitude. Both Figure 148 and Figure 149 show that the small-scale 
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physical model results are quite uniformly underestimated by the prediction model 
(Subchapter 4.1.3 and Equation 17) for higher wave steepness (sw >1%) and higher 
chamber pressure generation (pc >200 Pa). 
 
Figure 148 The measurement:prediction ratio of the chamber pressure for the operating 
condition cases at various opening:chamber ratio for the regular wave conditions vs wave 
steepness, small-scale measurements. The solid line represents the prediction model. 
 
Figure 149 The measurement:prediction ratio of the chamber pressure for the operating 
chamber cases at various opening:chamber ratio for the regular wave conditions vs pressure 
magnitude, small-scale measurements. The solid line represents the prediction model. 
For the irregular condition, the small-scale measurements and prediction model 
comparisons show an under-estimation (Figure 150) by a factor of 1.25. The 
discrepancy between the predicted chamber pressure and the small-scale 
measurements are consistent across different wave steepnesses, similar to those seen 
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for the regular wave conditions. In addition to the chamber pressure comparison, 
Figure 151 and Figure 152 show the rear wall force comparison for the regular and 
irregular wave conditions respectively. Unlike the large-scale measurements, the 
pressure transducers in the small-scale measurements are only located below the still 
water level. Due to this constraint, both the rectangular pressure integration method 
for measured forces and the prediction model forces are only deployed up to the still 
water level elevation. It is important to note that the chamber pressure is already 
retracted from the pressure data for each time step. As can be seen from the regular 
wave results (Figure 149), the prediction model under-estimates the small-scale 
measurements, especially for orifice:chamber area ratio of 0.11% and 0.25%, and 
wave steepness less than 1% by a factor ranging from 1.19 to 2.53. For the higher wave 
steepness and higher orifice:chamber area ratio, on the other hand, the small-scale 
seems to have a better agreement with the prediction model. This finding is in line with 
what is found for the irregular wave condition with the under-estimation factor ranging 
from 1.14 to 3.24 and with the largest over-estimations occurring at wave steepnesses 
less than 1% with the highest orifice:chamber area ratio of 0.11%.  
The comparison between the predicted pressure distribution and the measured pressure 
acting on the rear wall of the structure at various elevations can be seen in Figure 153 
(a)-(o) for the 0.11% cases, Figure 154 (a)-(o) for the 0.25% cases, Figure 155 (a)-(o) 
for the 0.44% cases, and Figure 156 (a)-(o) for the 1.0% cases. Unfortunately, there 
was a sensor failure for both 0.11% cases (Figure 153) and 0.25% cases (Figure 154), 
so the model is only compared to the measured wave pressure at water elevation of 
0.035 m and 0.095 below the still water level (SWL).   
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Figure 150 The measurement:prediction ratio of the chamber pressure for operating conditions 
at various opening:chamber ratio for the irregular wave conditions vs wave steepness, small-
scale measurements. The solid line represents the prediction model. 
 
Figure 151  The measurement:prediction ratio of the in-chamber rear wall force for operating 
conditions at various opening:chamber ratio for the regular wave conditions vs wave steepness, 
small-scale measurements. The solid line represents the prediction model. 
 
Figure 152 The measurement:prediction ratio of the in-chamber rear wall force for the 
operating chamber cases at various opening:chamber ratio for the irregular wave conditions vs 
wave steepness, small-scale measurements. The solid line represents the model prediction. 
 

































Figure 153(a)-(o) Measured (solid circle) and predicted (solid line) pressure distributions for 
operating case, 0.11% opening:chamber ratio, small-scale measurements, and regular wave 
conditions of: (a) Reg01, (b) Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) 
Reg08, (i) Reg09, (j) Reg11, (k) Reg12, (l), Reg16 (m) Reg20, (n) Reg24, (o) Reg27. 
 


































Figure 154 (a)-(o) Measured (solid circle) and predicted (solid line) pressure distributions for 
operating case, 0.25% opening:chamber ratio, small-scale measurements, and regular wave 
conditions of: (a) Reg01, (b) Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) 
Reg08, (i) Reg09, (j) Reg11, (k) Reg12, (l), Reg16 (m) Reg20, (n) Reg24, (o) Reg27. 
 

































Figure 155 (a)-(o) Measured (solid circle) and predicted (solid line) pressure distributions for 
operating case, 0.44% opening:chamber ratio, and regular wave conditions of: (a) Reg01, (b) 
Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) Reg08, (i) Reg09, (j) Reg11, (k) 
Reg12, (l), Reg16 (m) Reg20, (n) Reg24, (o) Reg27. 
 

































Figure 156 (a)-(o) Measured (solid circle) and predicted (solid line) pressure distributions for 
operating case, 1.0% opening:chamber ratio, and regular wave conditions of: (a) Reg01, (b) 
Reg02, (c) Reg03, (d) Reg04, (e) Reg05, (f) Reg06, (g) Reg07, (h) Reg08, (i) Reg09, (j) Reg11, (k) 
Reg12, (l), Reg16 (m) Reg20, (n) Reg24, (o) Reg27. 
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6.2.4 Vertical force calculation 
Unlike a conventional vertical breakwater, the chamber inside an OWC installed 
vertical breakwater will have a vertical force acting on the ceiling generated by the air 
pressure. It is understood that the same air pressure will provide a counter force to the 
bottom of the chamber, thus nullifying the total force acting on the structure. This 
counter acting force, however, will not be available for the open bottom typed 
breakwater where the chamber floor is not part of the structure, making the calculation 
of the vertical force necessary. Furthermore, it is also necessary to ensure the chamber 
roof structure able to withstand the highest chamber pressure generated. One can 
imagine that the biggest air pressure inside the chamber occurs during the closed 
chamber case. A comparison between the closed and operating chamber cases for 
regular waves (Figure 157) supports this argument. Thus, the experiment:prediction 
vertical force comparison is presented in Figure 158 only for the closed chamber case 
and the results show that the prediction model has a good agreement for wave 
steepnesses between 1% and 4% (1% ≤ sw ≤ 4%)with the small-scale measurements. 
For wave steepnesses outside these range, however, the prediction model under-
estimates the less steep wave conditions (sw < 1%) and over-estimates the steeper one 
(sw > 4%).    
 
Figure 157 The closed:open chamber ratio comparison of the vertical force for the regular wave 
conditions at various chamber opening:area ratio, small-scale measurements. The solid line 
represents the closed chamber. 
 
Scale effect 169 
 
Figure 158 The measurement:prediction ratio of the vertical force for the closed chamber 
condition cases, regular wave conditions, small-scale measurements. The solid line represents 
the model prediction. 
It is important to remember that the small-scale physical model is scaled down using 
Froude scaling method which keeps the ratio between the inertia force and gravity 
force of the model and the prototype. This scaling method, unfortunately, neglects the 
air stiffness similarity ratio between the scaled model and the prototype. Due to this, 
the air stiffness characteristic will not be scaled down correctly, except for the ratio 
equal to 1. It is expected for the physical model to over-estimate the actual pressure 
occurs on the prototype (Dimakopoulos, et al., 2017). 
6.3 Large-scale and small-scale physical model comparison 
6.3.1 Large-scale and small-scale physical model dissimilarity 
Before discussing the large-scale and the small-scale physical model comparison, it is 
important to note the difference between the two models. Although the small-scale set 
up was designed to be maximally similar to the earlier large-scale set up, some 
differences were inevitable, in wave generation, in the outer shape of the model, and 
in the instrumentations used. The large-scale experiments, as described in Chapter 3, 
used a piston type wave generator. This type of wave flume allows the water depth to 
be changed during the experiment, while the small-scale experiment utilised a flap 
type paddle wave generator which only calibrated for a single water depth.  
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For the physical dimensions of the structures, although the chamber dimensions are 
scaled down correctly following the Froude similitude requirements for reasons of 
structural strength, the large-scale model employed a separate front wall with the front 
wall height much higher than the chamber height. The location of the orifice opening 
was also a bit different. The orifice is located on the centre of the ceiling directly above 
the Oscillating Water Column (OWC) chamber for the small-scale model, whereas 
large-scale model orifice is located in the centre of a chimney, about 1.4 m above the 
OWC chamber. This condition leads to a slight addition on the air volume inside the 
OWC chamber for the large scale.  
The experiments also had different foreshores. The small-scale used two different 
slopes of 1:10 and 1:16 and the large only used a single slope of 1:6 (for more detail 
see Chapter 3). The shape of the OWC chamber floor, furthermore, is also slightly 
different with the small-scale having the same inclination as the foreshore whereas the 
large-scale had a flat floor. These differences are borne in mind when appraising the 
comparison that follow.   
For the instrumentations, the large-scale measurements quantified the pressure 
experienced by the front and rear wall using 5 pressure transducers (PTs) located 
below and above the still water level, whereas the small-scale set-up, only measured 
the wave pressure below the still water level using 3 PTs, due to the limitation of space. 
The chamber pressure was measured on the front part and rear part of the chamber 
using two PTs in the large-scale measurements whereas the small-scale measurements 
also utilised two PTs, with both located at the centre of the chamber ceiling, but at 
different lateral positions. Since the pressure generated inside the chamber is assumed 
to be uniform at all directions, the difference in chamber pressure PT locations between 
the large-scale measurements and the small-scale measurements should have minimal 
effect.  
6.3.2 Large-scale and small-scale physical model comparison 
results 
Figure 159 shows the measured chamber pressure comparison normalised by the 
hydrostatic pressure (ρgH) for the closed chamber case. The solid line represents the 
hydrostatic pressure. As can be seen from the figure, an inconsistent picture emerges. 
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The cases where the wave steepness is less than 2% show reasonable agreement 
between the scales, whereas the higher wave steepnesses (sw > 2%) show that the large-
scale tests suggesting much higher pressures than the corresponding small-scale tests. 
Since the hydrostatic pressure only uses the wave height without considering the front 
wall penetration, orifice:chamber area ratio condition, or the foreshore inclination, a 
different normalisation technique is explored in Figure 160. In the figure, both scales 
are normalised using the prediction model. This method is considered to be more 
appropriate since the prediction model take into account the chamber bottom shape, 
orifice:chamber area ratio, and foreshore inclination of the structure. As can be seen, 
these normalised pressure from large-scale and small-scale tests are close to 1, 
especially for the wave steepness equal to and bigger than 1%, with the small-scale 
measurements being approximately 0.9 times the large-scale measurements. This 
shows that the large-scale air chamber is very close to the incompressible condition of 
the small-scale air chamber under the closed chamber condition. The rear wall 
comparison between the two scale models is presented in Figure 161. In the figure, the 
small-scale is under-estimating the large-scale results by a factor of 0.83. The results 
show a strong resemblance with the chamber pressure comparison.  
Figure 162 plots the force measured on the rear wall of the chamber for the fully open 
cases normalised using the prediction model. As can be seen, the results from the two 
scales are very similar. This is as anticipated because the air compressibility 
differences between the large-scale and the small-scale have the least effect for the 
fully open chamber.  
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Figure 159 Chamber pressure comparison between the large scale (GWK) and the small scale 
(UoE) normalised using ρgH for the regular wave condition. Solid line represents the 
hydrostatic pressure (closed chamber). 
 
Figure 160 Chamber pressure comparison between the large scale (GWK) and the small scale 
(UoE) normalised using the prediction model (closed chamber), regular wave condition. 
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Figure 161 Rear wall landward scale comparison for closed chamber condition normalised 
using the prediction model, regular wave condition. 
 
Figure 162 Landward rear wall force comparison between the large scale (GWK) and the small 
scale (UoE) for the fully-open chamber, normalised using the prediction model, regular wave 
condition. 
Moving now to the operating condition, Figure 163 shows the comparison of measured 
chamber pressure between the large-scale and the small-scale, normalised using the 
prediction model. Because the operating chamber openings are different between the 
two scales, the operating condition comparison will be made based on the most 
efficient operating condition in each case. Figure 163 shows the large-scale 
measurement for opening:chamber area ratio of 0.9% since it is the most efficient 
settings based on the reflection analysis (Viviano et al., 2016), and the small scale 
measurement for opening:chamber ratio of 0.44% as described in Section 6.1. The 
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comparison graph shows the small-scale measurements consistently higher than the 
large-scale data by a factor of 2.45. There does not appear to be any significant 
influence of wave steepness. 
 
Figure 163 Chamber pressure comparison between the large scale (GWK) and small scale (UoE) 
for the operating chamber condition with opening:chamber area ratio of 0.9% for the GWK, 
and 1.0% for the UoE, regular wave condition. 
Moving to irregular wave conditions, Figure 164 and Figure 165 show the scale 
comparison for the closed chamber and fully-open chamber respectively. As can be 
seen from the figures, the small-scale measurements exceed the large-scale 
measurements only by a factor of 1.16 for the closed chamber, with a very similar 
results for the fully open chamber. For the operating condition the chamber pressure 
comparison is plotted in Figure 166. The figure shows slightly closer agreement 
compared to the regular wave condition with the small-scale measurements exceeding 
the large-scale measurements by a factor of 2.00. It can be noted, however, that the 
large-scale results have a wider scatter compared to the small-scale one. The 
measured:predicted ratio, however, consistently less than the small-scale physical 
model measurements.  
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Figure 164 Ratio, chamber pressure measured:predicted, comparison between the large scale 
(GWK) and the small scale (UoE) normalised using the prediction model (closed chamber), the 
irregular wave condition. 
 
Figure 165 Rear wall force comparison between the large scale (GWK) and the small scale 
(UoE) for the fully-open chamber, normalised using the prediction model, irregular wave 
condition. 
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Figure 166 Ratio, chamber pressure measured:predicted, comparison between the large scale 
(GWK) and small scale (UoE) for the operating chamber condition with opening:chamber area 
ratio of 0.88% for the GWK and 0.44% for the UoE, irregular wave condition. 
6.4 Scaling effect  
Figure 163 and Figure 166 show that the operating condition of the small-scale 
measurements has a higher chamber pressure than the large-scale measurements by a 
factor between 2.00 - 2.45. This supports the hypothesis that small-scale measurements 
will over-estimate the prototype scale situation. 
The results, however, show that the difference in air stiffnesses have minimal effect 
for the extreme, fully open chamber case because the air pressure in chamber remains 
very close to atmospheric. This argument is supported by Figure 162 and Figure 165 
with both small-scale and large-scale measurements having overlapping results at 
wave steepness equal to 2%. 
For the fully-closed case, the air compressibility is anticipated to have the most 
significant effect, Figure 160 and Figure 164, on the other hand, show that the small-
scale results are higher compared to the large-scale for low wave steepness (sw < 2%), 
very similar for wave steepness around 2%, and lower for higher wave steepness (sw > 
2%). These results show that even the large-scale air chamber may be close to an 
incompressible condition, similar to the small-scale physical model, for the wave 
steepness equal to and higher than 2%. This statement is supported for both regular 
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and irregular wave conditions. This result also supports the conclusion drawn by 
Dimakopoulos et al. (2017). 
6.5 Bagnold number application for large-scale and small-scale 
model adjustment factor (λ) 
Takahashi et al. (1985) and Takahashi (1988) employed the Bagnold number to predict 
the pressure increase due to impulsive loads on the front wall inside the wave 
dissipating chamber and OWC chamber respectively of a hybrid vertical breakwater. 
Although the method was intended for estimating the entrapped air influence of an 
impulsive load acting on a vertical breakwater, the idea of air compression due to 
impinging water mass is not dissimilar with the water column compressing the air 
chamber in an OWC device. This raises the possibility of the Bagnold number to be 
applied to calculate the chamber pressure generation maxima in an OWC chamber. 
Since the initial atmospheric chamber pressure (po) and water density (ρ) are the same, 
parameters k, D, and uo need to be modified for the Bagnold number calculation. 
The definition of effective water mass length (k) for this case is adopted from 
Takahashi et al. (1985) and defined as ¼ of an added mass of a plate with length equal 
to 2Bc (See sub-section 2.6). The effective length of air chamber (D) is equal to the 
ceiling height (hc) starting from still water level. For the water mass velocity (uo), 
instead of the horizontal velocity of propagating wave, the water column vertical 
velocity considered in this case can be approximated as the incident (significant) wave 
amplitude (about half the incident wave height) divided by the duration needed for the 
water elevation to reach that point from still water level (about ¼ of the wave period) 




             (37) 
Based on the large-scale and small-scale measurements observation discussed, the 
adjustment factor (λ) needed for the small-scale model to estimate the large-scale 
physical model is equal to the scaling factor 2.0 when the device is tuned to the most 
efficient wave conditions. Figure 167 shows the large-scale chamber pressure 
measurement under this condition (circular data point) and the chamber pressure 
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maxima predicted using small-scale Bagnold number and adjustment factor (dashed 
line).  
 
Figure 167 Small-scale chamber pressure Bagnold prediction adjustment factor (λ) of 2.00 
(dashed line) compared to the large-scale measurement (circle). 
As can be seen from the figure, with the exception of one test, the small-scale Bagnold 
number prediction has a good agreement with the large-scale measurements. It should 
be noted that the comparison was done based on the most efficient power-take off 
settings, and therefore not based on the same orifice:chamber area ratio. It is important 
to be noted that scaling factor equal to 2.00 is empirically obtained from a 1:9 scale 
physical model exploration and may be considered as a suggestion in up-scaling 





A series of large-scale and small-scale experiments have been done in order to reduce 
the uncertainty in the design process of an Oscillating Water Column (OWC) installed 
in a vertical breakwater. A new prediction method to predict the OWC in-chamber 
vertical and horizontal wave loads has been developed by drawing comparison to the 
well-established methods in a conventional breakwater design and the method has 
been validated by means of large-scale measurements comparison (see Chapter 4, with 
key Equations 8, 16, and 18). Both non-impulsive and impulsive wave loads acting on 
the front wall of the OWC installed vertical breakwater have also been compared with 
the commonly used prediction methods in a conventional vertical breakwater (see 
Chapters 5.1). Furthermore, the water column behaviour has been characterised and 
in-chamber impulsive wave loads have been characterised, classified and quantified 
by means of in-chamber video camera and pressure transducer (see Chapter 5.2 and 
5.3). Finally, the large-scale measurements and the small-scale measurements have 
been compared to check the scaling effect in an OWC installed breakwater physical 
model testing (see Chapter 6).  
(In-chamber loads) A new in-chamber loads method for the prediction of in-chamber 
rear wall and ceiling wave loads experienced by an OWC caisson has been presented. 
It is based upon the consideration of the physical processes at work, and where possible 
draws upon established models for conventional breakwaters. The model assumed the 
water column in the chamber to be well behaved and resulted in a non-impulsive wave 
load. The prediction model considers three OWC chamber regimes: the closed 
chamber condition, the fully open condition, and the operating condition. An empirical 
proportion coefficient, P, was introduced to determine the condition of the chamber 
based on the three chamber regimes considered.  
Data from an earlier campaign of large-scale experiments carried out at the Large 
Wave Flume (GWK) in Hannover, Germany has been used to validate the model. 
Different orifice settings are deployed to represent the varying power take-off damping 
characteristics during operation. The model has been tested against multiple chamber 
conditions in regular waves. For both the chamber pressure measurement and the rear 
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wall force, the closed chamber model agreed very well with the proposed model, to a 
factor of 1±0.2 for all of the cases. For the fully open condition, the rear wall 
measurement:prediction shows somewhat greater scatter across the range of wave 
steepnesses. The prediction works better for the lower wave steepnesses (within a 
factor of 1.2) while at higher wave steepnesses, it gives a more conservative prediction 
with an agreement factor between 0.4 to 0.7. The chamber pressure 
measured:prediction comparison shows that the model is safer for the higher wave 
height and under-predicts for the lower wave height. The method works well for the 
wave steepness of 3% with an agreement factor of 0.9 ± 0.2. The vertical force 
measured:prediction ratio shows that the structure experience highest vertical force 
during the closed chamber condition under well behaved water column situation. Here, 
the method predicts the measured vertical force for the closed chamber to within a 
factor of 1 ± 0.2. 
When the structure is exposed to irregular waves, the method slightly over-predicts the 
pressure measurements and inferred forces, with predictions lying within a factor 
between 0.6 to 0.8 for the closed chamber, fully open chamber, and operating 
conditions. These results indicate a conservative (safe) method. The prediction method 
can thus be employed as a design tool to predict the pressure distributions, total 
maximum landward horizontal forces, and caisson chamber vertical forces under non-
breaking wave conditions. These parameter predictions can be incorporated into 
calculations for the over-turning moment and safety against sliding for the whole 
structure. 
(Front wall wave loads) Established design tools for the prediction of wave loads 
acting on a conventional vertical breakwater were tested against the large-scale 
measurements of the front wall wave loads. The comparison was done for both non-
impulsive and impulsive (breaking) wave loads. Under non-impulsive condition, a 
comparison between the measurements and Goda’s prediction method show that 
introducing an OWC into a vertical breakwater resulted in a more conservative 
prediction with the measurement consistently being below the Goda predicted values.  
The comparison was then done for impulsive wave loads. Impact force maxima and 
rise times were shown to follow the relationship proposed by Weggel and Maxwell 
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(1970). The magnitude and rise time relationship, however, shown to be different with 
the relationship in a conventional vertical breakwater as shown by Cuomo et al. 
(2010a). The front wall impact loads non-exceedance probability also follows 
Rayleigh distribution as for conventional vertical breakwater. A change in gradient, on 
the other hand, does not necessarily indicate a transition between non-impulsive wave 
loads and impulsive wave loads.  
Because the elasticity characteristic of air trapped during an impulsive wave event will 
not scaled-down correctly in a scale measurement, an adjustment factor needs to be 
calculated based on the predicted prototype scale impact and the large-scale 
measurements. The predicted impact wave loads at prototype scale are determined 
based on Bagnold number (Bagnold, 1939). The result shows an adjustment factor (λ) 
of 5.3 needs to be used to predict the impact pressure in prototype scale if basing upon 
1:9 scale test (as per GWK test here). This number is higher than 3.01 given by 
Takahashi et al. (1985).   
The number of front wall impacts observed during the experiment is also compared 
with Calabrese and Vicinanza (1999)’s method to predict the proportion of wave 
breaking within an irregular wave train.  Based on the results, it can be concluded that 
the impacts probability method developed for the conventional breakwaters can be 
used to predict the number of impacts experienced by an OWC installed vertical 
breakwater with good agreement.   
(In-chamber water column behaviour) To check the behaviour of the in-chamber 
water column during operation, in-chamber video recording was utilised. The in-
chamber water column movement can be classified into several intensity level, such 
as: well-behaved, low movement, medium movement, and violent movement 
conditions with in-chamber ceiling impacts observed during the violent movement 
condition. The observations showed that the violent water column movement is more 
likely to occur with the bigger orifice openings and with higher wave height. A very 
similar set of behaviour was observed in the equivalent small-scale physical model 
study. A “venting” phenomenon was also observed during both large-scale and small-
scale physical model experiments as suggested by López, et al. (2015). 
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(In-chamber ceiling impacts) Next, the water column behaviour observation was 
extended to explore, qualitatively and quantitatively, the in-chamber ceiling impacts. 
The observations resulted in the characterisation of three different types of impact: (a) 
“single ceiling impact” on the front or the rear part of the ceiling, (b) “successional 
ceiling impacts” either from the front follow by the rear part of the ceiling or vice 
versa, and (c) “water column ceiling impact” where the whole water column rose and 
hit the ceiling. The results showed that “single ceiling impact” gives the highest impact 
pressures, followed by the “successional ceiling impacts”. Recorded in-chamber 
impact pressure reached up to 12ρgH during the large-scale measurements. When 
compared with the front wall impact force in the same event, it shows that the in-
chamber ceiling impact pressure is at least comparable with that on the front wall.  
(Small-scale physical modelling) After the development and validation of the new 
prediction method for the in-chamber wave loads, attention turned to the small-scale 
measurements. When compared to the small-scale measurements, the prediction 
method shows a relatively good agreement, under-estimating the pressures for smaller 
wave steepness wave conditions (sw < 1%) and slightly over-estimating higher wave 
steepness (sw > 1%) for both closed chamber and fully open conditions. For the 
operating condition, however, the small-scale tests consistently gave measurement on 
the upper (unsafe) side of the prediction, except for the largest orifice:chamber ratio 
(0.99%). This may happen because the small-scale OWC air chamber acts closer to an 
incompressible fluid compared to the prototype air chamber. 
(Large-scale and small-scale comparison) Finally, the large-scale measurements 
were compared with the small-scale measurements. Both sets of measurements were 
normalised using the prediction method to minimise the influence of detailing, such as 
the chamber bottom shape, orifice:chamber area ratio, and foreshore slope. For the 
closed chamber, the small-scale generated similar normalised chamber pressures 
compared to the large-scale. The results were the same for both regular and irregular 
wave conditions. This shows that the large-scale air chamber is actually closer to 
incompressible during closed chamber condition, just like the small-scale air chamber. 
Since the chamber pressure generation is expected to be minimum in the fully open 
chamber condition, the wave loads acting on the structure should be scalable using 
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Froude scaling with minimum error from any air compressibility effect. The 
comparison of the large-scale and small-scale measurements of the in-chamber rear 
wall landward forces reflects this, with the normalised data showing very similar 
results with several data points over-lapped between the scales. These results 
supported the argument that the error in scale exploration mainly comes from the air 
compressibility scaling uncertainty. For the operating condition, the measurements are 
only compared for the most efficient orifice:chamber area ratio settings, which are the 
0.44% for the small-scale measurements and the 0.9% for the large-scale 
measurements. The results show that the small-scale normalised pressures consistently 
exceed those measured in the large-scale tests by a factor of 2.45 for the regular wave 
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